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Analysis of centrosome number and structure has
become one means of assessing the potential for
aberrant chromosome segregation and aneuploidy
in tumor cells. Centrosome amplification directly
causes multipolar catastrophic mitoses in mouse em-
bryonic fibroblasts (MEFs) deficient for the tumor sup-
pressor genes Brcal or Trp53. We observed super-
numerary centrosomes in cell lines established from
aneuploid, but not from diploid, colorectal carcino-
mas; however, multipolar mitoses were never
observed. This discrepancy prompted us to thor-
oughly characterize the centrosome abnormalities in
these and other cancer cell lines with respect to both
structure and function. The most striking result was
that supernumerary centrosomes in aneuploid colo-
rectal cancer cell lines were unable to nucleate
microtubules, despite the presence of y-tubulin, peri-
centrin, PLK1, and AURKA. Analysis by scanning
electron microscopy revealed that these supernumer-
ary structures are devoid of centrioles, a result signifi-
cantly different from observations in aneuploid pan-
creatic cancer cell lines and in Trp53 or Breal defi-
cient MEFs. Thus, multipolar mitoses are dependent
upon the ability of extra ytubulin containing struc-
tures to nucleate microtubules, and this correlated
with the presence of centrioles. The assessment of
centrosome function with respect to chromosome
segregation must therefore take into consideration

the presence of centrioles and the capacity to nucle-
ate microtubules. The patterns and mechanisms of
chromosomal aberrations in hematologic malignan-
cies and solid tumors are fundamentally different.
The former is characterized by specific chromosome
translocations, whose consequence is the activation
of oncogenes. Most carcinomas, however, reveal
variations in the nuclear DNA content. The observed
genomic imbalances and gross variations in chromo-
some number can result from unequal chromosome
segregation during mitotic cell division. It is therefore
fundamental to elucidate mechanisms involved in dis-
tribution of the genome to daughter cells. Prior to cell
division, the centrosome organizes microtubules and
the mitotic spindle. Deciphering the consequences of
alterations in centrosome number, structure, and
function is an important step fowards understanding
how a diploid genome is maintained. Although extra
centrosomes have now been observed in carcinomas
and were correlated with aneuploidy, a careful func-
tional investigation of these structures and their role
in generating chromosome imbalances may lead to
the identification of distinct mechanistic pathways of
genomic instability. Understanding these pathways
will also be important in determining whether they
are potential molecular targets of therapeutic
intervention. Environ. Mol. Mutagen. 50:672-696,
2009.  © 2009 Wiley-iss, Inc.
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INTRODUCTION

Over a century ago, Theodor Boveri coined the term
centrosome to describe the subcellular structures origi-
nally observed by Van Beneden in 1876. He postulated
that due to their role in cell division, deviation in number
from the two centrosomes normally present in each
cell could have dire consequences with respect to the
partitioning of chromosomes into the daughter cells. Sub-
sequent chromosome missegregation could result in the
loss of tumor inhibiting, and the gain of tumor promoting,
chromosomes and that this served as the genetic basis of
malignant transformation [Boveri, 1929]. The develop-
ment of molecular cytogenetic techniques [Kallioniemi
et al., 1992; Schrock et al., 1996], and their recent adapta-
tion to higher resolution platforms including whole ge-
nome sequencing [Dufva, 2009; Pettersson et al., 2009],
has enabled the comprehensive characterization of chro-
mosomal aberrations in cancer genomes. It has become
clear through the use of these techniques that solid tumors
originating in epithelial cells of different organs are char-
acterized by a distribution of specific and distinct genomic
imbalances, that whole chromosome gains and losses are
early events in tumorigenesis [Ried et al., 1999] and that
strong selection for these events may have a causative
role in tumorigenesis. Accordingly, Boveri’s hypothesis
with respect to chromosome segregation errors and the
role of centrosomes in this process has been revisited
[Brinkley and Goepfert, 1998; Pihan et al., 1998; Pihan
and Doxsey, 1999; Ried, this issue].

The centrosome is positioned in the cytoplasm adja-
cent to the nucleus and its duplication is concurrent
with replication of the genome during S phase. At the
beginning of M phase, the two centrosomes separate to
opposite poles of the nucleus where they nucleate the
formation of mitotic spindles containing «- and (-tubu-
lin, many of which eventually connect to kinetochore
proteins associated with the centromere of each chromo-
some. A dynamic interplay between the microtubules,
mitotic kinesins, and cytokinesins is necessary for the
coordinated separation of sister chromatids, their migra-
tion to opposite poles and generation of the cleavage
furrow at the end of mitosis [Brinkley, 2001; Stearns,
2001; Bowerman, 2004; Rogers et al., 2004; Neef et al.,
2006; Petronczki et al., 2007].

Centrosomes consist of centrioles and the pericentriolar
matrix (PCM). The centrioles contain a protein known as
centrin, while the PCM contains +vy-tubulin, pericentrin
(PCNT), hGCP2, GCP3/HsSpc98, and AKAP450 among
other proteins too numerous to list [Brinkley, 2001;
Stearns, 2001; Alieva and Uzbekov, 2008]. Two protein
families shown to regulate centrosome duplication and/or
separation are the polo-like kinases (e.g., PLK1) and au-
rora family kinases (e.g., AURKA) [Glover et al., 1995;
Lane and Nigg, 1996]. Overexpression of these proteins
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results in supernumerary centrosomes, while abrogating
expression causes a failure of centrosome migration [Lane
and Nigg, 1996; Zhou et al., 1998]. The Cdk2-cyclin E
(Cdk2-E) complex has been shown to regulate centrosome
duplication in Xenopus cell extracts [Hinchcliffe et al.,
1999]. A positive feedback loop between the Xenopus
PIk1 protein (Plx1) and a downstream protein kinase tar-
get xPlkkl has also been demonstrated [Qian et al.,
1998a,b; Erikson et al., 2004], implicating yet another
phosphorylation pathway regulating the centrosome cycle.

We and others have previously demonstrated the pres-
ence of supernumerary centrosomes in primary tumors
and tumor cell lines of different origins [Lingle et al.,
1998; Pihan et al., 1998; Ghadimi et al., 2000]. These
findings have been touted as proof that extra centrosomes
can cause aneuploidy through their direct role in misse-
gregation of chromosomes during mitosis. In only a very
few instances, however, has this mechanism been proven
by direct visualization of aberrant mitotic figures [Fuka-
sawa et al., 1996; Xu et al., 1999]. In this study, we have
identified differences with respect to the type of centro-
some aberrations occurring in tumorigenesis. Our results
suggest that the failure of certain centrosomes to nucleate
microtubules and organize the mitotic spindle could be
due to the absence of centrioles. This is the first report to
our knowledge of vy-tubulin structures lacking nucleation
capacity in mammalian cells.

EXPERIMENTAL PROCEDURES
Cell Lines and RNA Isolation

The following colorectal cancer cell lines were used in
this study: DLD-1, HCT116, pS3HCT116, SW48, and
LoVo (near-diploid); SW480, SW837, HT-29, T84, Colo
201 for immunocytochemistry and nucleation assays.
For gene expression analysis Colo 320DM, LS41IN,
SK-CO-1, NCI-H508, and NCI-H716 (aneuploid) were
also used. The pancreatic tumor cell lines included AsPC-
1, BxPC-3, Capan-1, Capan-2, CFPac-1, Hs766T, Mia
PaCa-2, Panc-1, SU 86.86. All of the aforementioned cell
lines were obtained from the ATCC (American Type Cul-
ture Collection) and cultured following their recommenda-
tions, except pS3HCT116, a derivative of HCT116 with a
homozygous disruption of TP53 [Bunz et al., 1998],
which was kindly provided by Dr. Curtis C. Harris of the
National Cancer Institute, NIH. Control fibroblasts were
cultured from human foreskin. p53—/— mouse embryonic
fibroblasts (MEFs) were obtained from Andre Nussenz-
weig of the National Cancer Institute, NIH.

RNA was extracted from the cell lines and primary
tumors [Camps et al., 2009] following standard
procedures (http://www.riedlab.nci.nih.gov/protocols.asp).
Nucleic acid quantification was determined using the
Nanodrop ND-1000 UV-VIS spectrophotometer (Nano-



Environmental and Molecular Mutagenesis. DOI 10.1002/em

674 Difilippantonio et al.

drop, Rockland, DE), and RNA quality was assessed
using the Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA). Normal colon RNA isolated postmortem from
five different donors without a history of colorectal cancer
was purchased from Ambion (Applied Biosystems, Foster
City, CA).

Antibodies

Mouse monoclonal antibodies were used to detect
v-tubulin (Sigma-Aldrich, St Louis, MO, T6557; diluted
1:2,000) and a-tubulin (Sigma-Aldrich, T9026; diluted
1:1,000). Anti-PCNT rabbit polyclonal antibodies were
obtained from Berkley Ab Company, Berkley, CA (PRB-
432C; diluted 1:100). Anti-PLK1 and anti-AURKA rabbit
polyclonal antibodies were produced by injection of pep-
tide [Hamanaka et al., 1995]. Secondary antibodies used
for immunocytochemistry were purchased from Vector
Laboratories, Burlingame, CA (Goat anti-rabbit-TR,
TI-1000, diluted 1:1,000) and Boehringer Mannheim,
Indianapolis, IN (Goat anti-mouse-FITC, diluted 1:200).

Immunocytochemistry

Cells were grown on Falcon chamber slides (Becton &
Dickinson, Bedford, MA), rinsed once each in PBS and
PHEM buffer [PIPES (60 mM), HEPES (25 mM), EGTA
(10 mM), MgCl, (2 mM), pH 6.9], fixed in ice cold metha-
nol for 10 min and washed 4 X with PBS. Slides were
blocked with 5% normal goat serum (NGS), 1% BSA in
PBS for 30 min at 37°C. Primary antibodies were diluted (as
indicated above) in 1% NGS, 1% BSA in PBS and incu-
bated for 45 min at 37°C followed by three washes in PBS.
The primary antibodies were detected with goat anti-rabbit-
TR and goat anti-mouse-FITC followed by three washes in
PBS. Cells were counterstained with DAPI and mounted
with antifade [p-phenylene-diamine (5.52 mM), 77% glyc-
erol, 0.1 X PBS, at pH 8.0 with carbonate/bicarbonate
buffer (pH 9.0)]. Images were acquired using Leica Q-FISH
software (Leica Imaging Systems, Cambridge, UK). A mini-
mum of 50 mitotic figures and 300 interphase nuclei were
evaluated for centrosome number and organization.

Nucleation Assays

Cell lines were grown on Falcon culture slides (Becton &
Dickinson). Cells were then incubated with the microtubule
destabilizing drug nocodazole (10 pg/ml) for 1.5 hr at 37°C,
and washed two times with PBS at room temperature and
allowed to recover by incubation in media for 5-10 min.
Slides were then rinsed once in PBS, once with PHEM
buffer and then fixed in —20°C methanol. Tubulin structures
were detected by incubating cells with a monoclonal a-tubu-
lin (Sigma-Aldrich, 1:1,000) and rabbit polyclonal y-tubulin
(Sigma-Aldrich, 1:2,000) antibodies for 45 min. Following
three PBS washes, the primary antibodies were detected
with a FITC labeled goat anti-mouse and a TRITC labeled

goat anti-rabbit antibody (Sigma-Aldrich, 1:200 each) for 45
min, and cells were counterstained with DAPI.

Standard Transmission Electron Microscopy and
Immunoelectron Microscopy

Cultured cells were processed in situ and embedded for
electron microscopy as described [Gonda et al., 1976].
Briefly, cells were cultured in a T-75 flask, rinsed once
with PBS and fixed with sodium cacodylate buffer (0.1
M, pH 7.2) (Electron Microscope Sciences, Fort Washing-
ton, PA) containing 2% glutaraldehyde (Tousimis, Rock-
ville, MD) for 1 hr at room temperature. The fixed cells
were then rinsed with cacodylate buffer followed by post-
fixation in cacodylate buffer + 1% osmium tetroxide
(Electron Microscope Sciences, Fort Washington, PA) for
I hr. The cells were dehydrated in an ethanol series (35,
50, 70, 95, and 100%) with three changes of absolute
ethanol, embedded in pure Embed-812 epoxy resin (Elec-
tron Microscope Sciences, Fort Washington, PA) over-
night and allowed to cure for 48 hr at 55°C. Ultra-thin
sections were cut and mounted on copper grids and
stained with uranyl acetate followed by lead citrate. The
sections were observed and photographed using a Hitachi
H-7000 transmission electron microscope (Nissei Sanyo
America, Pleasanton, CA]) operated at 75 kV.

For ICC/EM, cells were cultured on gridded glass cov-
erslips (22 X 22 mmz) (Bellco Biotechnology, Vineland,
NJ) and washed in PBS. The cells were fixed in cytos-
keletal buffer (CSK) [PIPES (910 mM), NaCl (100 mM),
sucrose (300 mM), EGTA (1 mM), MgCl, (3 mM)] +
0.1% Triton X-100 for 30 min, CSK + 0.1% Triton X-
100 + 1% glutaraldehyde for 2 min and CSK + 0.1%
glutaraldehyde for 10 min. This was followed by two 15
min treatments with 0.1% NaBH, in PBS. The coverslips
were then processed for immunofluorescence as stated
above using mouse mAb against y-tubulin detected with
goat anti-mouse-FITC and counterstained with DAPIL
Images were acquired of cells with aberrant numbers of
v-tubulin staining bodies using a Nikon FXA fluorescence
microscope and their coordinates recorded. The coverslips
were floated off the slides and washed several times in
PBS and then immersed in PBS overnight at 4°C. The
cells were then washed 2 X 5 min in PBS and followed
by 3 X 5 min washes in 0.1 M sodium cacodylate buffer
(pH 7.0). Cells were postfixed in 1% osmium potassium
ferrocyanide for 1 hr at room temperature, washed 2 X 5
min in 0.1 M sodium cacodylate and then 2 X 5 min in
dH,O. Samples were stained with 2% aqueous uranyl ace-
tate for 30 min at room temp, washed 3 X 5 min in
dH,0, dehydrated in ethanol, and infiltrated and embedded
in Epon/Araldite. Thin sections were cut, and the cells
were relocated by their coordinates and examined using a
Hitachi H-7000 transmission electron microscope [Nissei
Sanyo America, Pleasanton, CA] operated at 75 kV.



Gene Expression Microarrays and Data Analysis

The procedure followed for the hybridization and anal-
ysis of the gene expression arrays can be found elsewhere
for the primary tumors [Camps et al., 2008] and the CRC
cell lines [Camps et al., 2009]. Briefly, 1 pg each of cell
line or normal human colon RNA (Ambion, Austin, TX)
and Universal Human Reference RNA (Stratagene, Cedar
Creek, TX) were amplified and labeled with Cy3 and
Cy5, respectively, using a T7 RNA Polymerase (Low
RNA Input Fluorescent Linear Amplification Kit, Agilent)
according to the manufacturer’s protocols, and hybridized
to the 44K oligonucleotide-based Whole Human Genome
Microarray (Agilent). Similarly, RNA from primary
tumors and normal human colon were labeled with Cy3
and subjected to mono-channel hybridization onto 4x44K
Whole Human Genome Microarray (Agilent).

Microarrays were washed and processed using an Agi-
lent G2565BA laser scanner. Data were quality controled
and extracted using Agilent Technologies’ Feature Extrac-
tion (version 9.1).

The analyses of the microarray experiments were per-
formed with in-house developed software based on R ver-
sion 2.6.2 (http://www.R-project.org). Gene expression
data was obtained from 44K or 4x44K Agilent dual-chan-
nel arrays. Median per feature was used to summarize
data when two or three technical replicates were avail-
able. The data were normalized using Linear and Lowess
procedure in Agilent’s Feature Extraction software. Fea-
tures for which signals were below background (as
assessed by “gSurrogatedUsed” or “rSurrogatedUsed”)
were forced to NA (not a number). The median measure-
ment was used when more than 1 measurement was avail-
able per feature (i.e., median-summarization by array
using “ProbeName”). The final CRC cell line dataset
contained 20 samples (15 cell lines, and five normal colon
samples), and 40,380 features.

RESULTS
Numerical Aberrations

Diploid and aneuploid colorectal tumor cell lines show
striking differences with respect to both centrosome num-
ber and structure [Ghadimi et al., 2000]. Despite the pres-
ence of supernumerary centrosomes in the aneuploid
tumors, we fail to observe a potential consequence of cen-
trosome amplification, i.e., multipolar mitoses. We there-
fore began a thorough functional and structural analysis
of centrosomes in normal cultured foreskin fibroblast
cells, diploid tumors, and aneuploid tumors with and
without multipolar mitoses. On the basis of these analy-
ses, we identified distinct differences in the number, size,
and localization of the centrosomes in these cell types.
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Mitosis

Interphase

Type 1l

Fig. 1. Interphase cells (I) were categorized based on the number of
their centrosomes (green) as detected with an anti-y-tubulin antibody.
DNA was counterstained with DAPI (red) and the cells visualized by
differential interference contrast (DIC) microscopy. Type 1I (A) have
one to two centrosomes. Type 2I (B) are mononucleated cells with mul-
tiple centrosomes while Type 3I (C) contain multiple centrosomes in a
multinucleated cell. Mitotic cells (M) were categorized in a similar man-
ner based on the number and orientation of their centrosomes with
respect to the mitotic plate. Type 1M (D) have a bipolar spindle with
one centrosome on either side of the mitotic plate. Type 2M (E) mitoses
are bipolar but demonstrate coalescence of multiple centrosomes at either
pole. Type 3M (F) are multipolar mitoses in which the chromosomes are
pulled in more than two directions.

Normal fibroblasts, as well as the diploid colorectal cell
lines (HCT116, DLD1, SW48), contained 1-2 <y-tubulin
positive staining bodies resulting in the formation of a
normal bipolar mitosis (Figs. 1A and 1D). The aneuploid
colorectal cell lines (HT29, SW837, SW480, Colo201,
and T84) each had a subpopulation of cells containing >3
v-tubulin positive bodies [Ghadimi et al., 2000], the size
and morphology of which was variable (Fig. 1B: mono-
nucleated or Fig. 1C: multinucleated cells). All of the
observed mitoses were bipolar, however, with some
exhibiting clusters of y-tubulin at the poles (Fig. 1E). We
therefore extended our analysis of centrosome defects to
include aneuploid cancer cell lines of pancreatic origin.
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Fig. 2. Quantitation and comparison of interphase (Int) (» > 300) and metaphase (Met) (n > 50) pan-
creatic cancer cells based on the categories illustrated in Figure 1.

These lines also contained a percentage of cells with an
abnormal number of +y-tubulin positive structures
(Table I); however, all were of equal size and morphol-
ogy, a phenotype distinct from the colorectal cancer cell
lines. In addition, we frequently observed multipolar mito-
ses (Fig. 1F) (Fig. 2G).

Many of the aneuploid colorectal cancer cell lines con-
tain inactivating TP53 mutations. The pattern of inter-
phase centrosome aberrations we observed was consistent
with the centrosome amplification seen in Trp53—/— or
Brcal—/- MEFs [Fukasawa et al., 1996; Xu et al., 1999].
This caused us to wonder whether TP53 loss had a com-
parable consequence with respect to centrosome number
in all cancer cell lines. To address this question, we took
advantage of the diploid colorectal cancer cell line
HCT116 made homozygously deficient for the TP53 pro-
tein (pS3HCT116) [Waldman et al., 1996]. Unlike the
TP53 wild-type parental cells, this cell line had centro-
some amplification and multipolar mitoses akin to the
Trp53—/— MEFs (see later).

Despite the absence of gross chromosome missegre-
gation in the aneuploid colorectal cancer cell lines, we
were interested in determining whether the interphase
centrosome aberrations observed in the pancreatic cell
lines could be directly correlated with events occurring
during mitosis. A comparison of interphase and meta-
phase cell types in MiaPaCa2, Capan-2, CFPac-I,
BxPC-3, and Capan-1 revealed that the percentage of
interphase and metaphase cells with one to two centro-
somes was similar (Fig. 2; Types 1I vs. 1M). Thus,
the population of interphase cells with normal centro-
some numbers correlated with the percentage of
metaphase cells containing two centrosomes and nor-
mal bipolar mitotic spindles. This was not true, how-
ever, for HS766T, SU86.86, Panc-1, and AsPC-1 cells
(Fig. 2).

TABLEl. Comparison of Centrosome Aberrations During
Mitosis and Interphase in Pancreatic Cell Lines

Interphase nuclei Mitoses

Cell line Observed abnormal® Observed multipolar®
AsPC-1 10% 15%

BxPC-3 14% 7%

Capan-1 13% 9%

Capan-2 3% 3%

CFPac-1 8% 9%

Hs766T 28% 19%

Mia PaCa-2 8% 2%

Panc-1 15% 16%

SU86.86 11% 13%

“Type 2 and Type 3 interphase cells combined.
"Type 3 metaphase cells.

Functional Aberrations

a-tubulin staining of mitotic spindles in Brcal—/— and
Trp53—/— MEFs and in pS3HCT116 and pancreatic cancer
cell lines (Table I; [Sato et al., 2001]), revealed multiple
nucleating centrosomes and multipolar mitosis, structures
associated with gross chromosomal missegregation. Aber-
rant mitoses, however, were not observed in the aneuploid
colorectal cell lines, despite the presence of supernumer-
ary +y-tubulin structures. This prompted us to assess
whether all of the +v-tubulin structures in the aneuploid
colorectal tumor cell lines were functionally capable of
nucleating microtubules.

Nocodazole is a potent microtuble depolymerizing drug
that causes cell cycle arrest at mitosis [Jordan et al.,
1998]. The damage is reversible such that replacement
with fresh medium allows repolymerization of the micro-
tubules and the procession of mitosis. We therefore used
nocodazole block and release to assess the ability of
v-tubulin structures to nucleate «-tubulin containing
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Fig. 3. Nucleation assay and subsequent detection of both «-tubulin
spindles (green) and +y-tubulin (red) in diploid (A-C) and aneuploid
(G-I) colorectal cancer cell lines as well as pS3HCT116 (D-F), a dip-
loid colorectal cell line made homozygous deficient for T7P53. Untreated
cells (A, D, G) in mitosis reveal mitotic spindles nucleating from the
centrosomes. Nocodazole treated cells (B, E, H) in mitosis. The absence

microtubules. Efficient microtubule nucleation from cen-
trosomes was most readily observed in mitotic cells in the
absence of nocodazole (Figs. 3A, 3D, and 3G). The effec-
tiveness of microtubule depolymerization by nocodazole
can be seen in Figures 3B, 3E, and 3H. In the diploid
colorectal cell lines and normal fibroblasts (Fig. 3C),
p53HCT116 (Fig. 3F), pancreatic cancer cell lines and
p53—/— MEFs (data not shown), all y-tubulin positive
structures, regardless of their number, functioned as o-
tubulin nucleating centers shortly after removal of noco-
dazole. This differed markedly from the aneuploid colo-
rectal cancer cell lines in which, despite the presence of
multiple y-tubulin structures, only one to two centrosomes
in each cell were observed to function as nucleating cen-
ters in the formation of normal mitotic spindles (Fig. 3I).
Thus, the absence of multipolar mitoses in the aneuploid
colorectal cancer cell lines correlated with the inability of

p53HCT116
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Aneuploid

of mitotic spindles demonstrates the microtubule depolymerizing activity
of the drug. Cells allowed to briefly recover from nocodazole treatment
(C, F, I) reveal nucleation of a-tubulin containing microtubules from all
v-tubulin structures in the diploid (C) and pS3HCTI116 (F) cells com-
pared to only one to two vy-tubulin structures in the aneuploid colorectal
cell lines (I).

supernumerary centrosomes to serve as nucleation centers
for a-tubulin containing mitotic spindles.

Structural Aberrations

In an effort to determine why these supernumerary
structures were not capable of giving rise to multipolar
mitosis, colocalization studies of y-tubulin with other cen-
trosome-associated proteins were performed. PLK1 is nor-
mally associated with centrosomes throughout the cell
cycle, until anaphase when it relocalizes to the metaphase
plate and is distributed as two rings at the midbody dur-
ing cytokinesis [Lane and Nigg, 1996]. This pattern was
recapitulated in both diploid (HCT116, p5S3HCTI116,
DLDI1) and aneuploid (HT29, SW480, Colo201) CRC cell
lines irrespective of the number of ~-tubulin positive
structures. Representative images from different cell lines
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Fig. 4. Dual immunofluorescence for y-tubulin and Polo-like kinase 1
(PLK1) (A, B), aurora-kinase A (AURKA) (C, D), and PCNT (E, F).
Interphase cells reveal colocalization of +y-tubulin with PLK1 (A) and
PCNT (E) but not with AURKA (C). In mitosis, however, all four pro-
tein colocalize (D, E), however PLKI remains at the metaphase plate
during anaphase (B) and is found as two rings at the midbody after cyto-
kinesis.

are shown in Figures 4A and 4B. In interphase, AURKA
is distributed in multiple, noncentrosomal nuclear foci. Its
association with centrosomes only occurs during mitosis.
This redistribution pattern was also recapitulated in all of
the CRC cell lines analyzed (Figs. 4C and 4D), with
AURKA localized to every +y-tubulin positive structure.
PCNT, as part of the pericentriolar matrix (PCM), always
colocalizes with y-tubulin in centrosomes [Doxsey et al.,
1994], as was the case in all of the analyzed cell lines
(Figs. 4E and 4F). Thus, we found no difference in the
centrosome-associated localization pattern of PLKI,
AURKA, or PCNT proteins between diploid and
aneuploid colorectal tumor cell lines. The presence of
these centrosome-associated proteins was therefore insuffi-
cient to nucleate mitotic spindles and generate multipolar
mitoses.

Each centrosome, as visualized by electron microscopy,
consists of a pair of centrioles oriented at 90° relative to
one another. Both fibroblasts and the diploid CRC cell
line DLD1 contained one to two centrosomes, each with a

pair of appropriately oriented centrioles (Figs. 5A-5C).
Many of the Trp53—-/—~ MEFs and p53HCT116 cells
contained multiple centriole pairs, often found in clusters
(Figs. 5D-5F). This was not surprising given the normal
association of PCNT, PLK1 and AURKA with all of the
supernumerary y-tubulin structures (Fig. 4) and the pres-
ence of multipolar mitoses in these cells (Figs. 3D and
4F). Examination of the aneuploid colorectal cancer cell
lines revealed the presence of only one to two centriole
pairs in greater than 95% of the cells (Figs. 5G-5I). In
the remaining cells, clusters of centrioles were observed
(Fig. 6L); however, the perpendicular orientation between
pairs of centrioles was sometimes lost (data not shown).
This differed from our previous immunocytochemical
observation that 30-40% of the SW837 cells contained
multiple y-tubulin structures. We therefore grew the cells
on gridded coverslips, performed immunocytochemistry,
identified those cells with multiple <y-tubulin structures
and recorded their coordinates. The cells were then
embedded for electron microscopy, serial sections cut and
the cells relocated based on their coordinates. This
afforded us the opportunity to directly correlate the pres-
ence of y-tubulin and centrioles. As anticipated, all of the
supernumerary centrosomes in the Trp53—/— MEFs con-
tained a perpendicularly oriented pair of centrioles
(Figs. 6A—6D). In the aneuploid SW837 cancer line, cells
with multiple vy-tubulin structures were found to contain
only one or two pairs of centrioles (Figs. 6E—6H), despite
analysis of serial sections through the cells. Cells contain-
ing clusters of centrioles (Figs. 6I-6L) did not always
aggregate all of their y-tubulin in one location. Thus, we
were greatly surprised to find that the supernumerary
structures containing vy-tubulin, PCNT, and PLK in the
aneuploid colorectal cancer cell lines were actually devoid
of centrioles, thereby correlating the presence of cen-
trioles with the nucleation capacity of y-tubulin structures
and the propensity for catastrophic multipolar mitoses.

Gene Expression Analysis

One approach to query the large number of genes cur-
rently known to be involved in centrosome regulation and
function is global gene expression analysis. We expanded
our set of CRC cell lines to include an additional five
aneuploid CRC cell lines as well as five biopsies of nor-
mal colon epithelia. These results were also compared to
a previous analysis consisting of 23 primary colon carci-
nomas [Camps et al., 2009]. Of the 121 genes spotted on
the array that we queried based on their known or poten-
tial connection to the development of aneuploidy through
an association with the centromere, centrosome, or spin-
dles, 11 genes were significantly deregulated (P <
0.0001) in both the diploid and aneuploid cell lines rela-
tive to the mucosa, and of these seven were also of signif-
icance in primary colon tumors (Table II). Only CSSPI
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Fig. 5. Electron microscopic serial sections of centrioles. One centriole
pair, in their normal perpendicular orientation, as illustrated in the dip-
loid cell line DLD1 (A-C). In Trp53-deficient MEFs (D-F) and the
TP53-deficient HCT116 cell line (data not shown), multiple pairs of cen-

(1.48- to 1.96-fold decrease, P = 0.009-0.0005), CETN2
(2.23-fold increase, P = 0.000104), TTL4 (1.4-fold
increase, P = 0.009), and TUBGCP6 (1.52-fold decrease,
P = 0.0039) had an expression difference that reached
any significance (P < 0.01) in the aneuploid relative to
the diploid cell lines.

DISCUSSION

In an effort to understand the causal events leading to
the development of aneuploidy in tumorigenesis, we
have undertaken a comparative analysis of centrosomes
and gene expression profiles in cultured normal foreskin
fibroblasts, diploid and aneuploid tumor cell lines with
and without multipolar mitoses. Most published reports
of centrosome analysis in primary tumors and tumor
cell lines address the number and morphology of these

trioles were observed, sometimes in clusters. Three pairs of centrosomes
are depicted here. In the aneuploid colorectal cancer cell lines, such as
shown for SW837 (G-I), two pairs of centrosomes were also observed,
even in cells with multiple «y-tubulin foci.

structures in interphase nuclei as visualized by immuno-
cytochemistry with antibodies against +y-tubulin or
PCNT. In addition to an examination of their presence
and abundance in interphase nuclei, we also wanted to
determine the manifestations of such aberrations in
dividing cells and attempt to make a correlation between
these two phases of the cell cycle (Fig. 2). Our analysis
included a categorization of interphase and metaphase
cells into three distinct classes. Those we labeled as
Type 2 and Type 3 corresponded to cells with an
increase in centrosome number. According to Theodore
Boveri, such cells might be expected to undergo aberrant
chromosome segregation. This is in fact what we
observed in the pancreatic cell lines, pS3HCT116 and
Trp53—/— MEFs. Whether the resulting daughter cells
would be viable is an issue that can only truly be
addressed by identifying the aberrant cells and following
them through cell division.
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Fig. 6. Immunocytochemistry—electron microscopy (ICC-EM), differen-
tial interference contrast (DIC) (A, E, I) and immunofluorescence detec-
tion of y-tubulin (B, F, J) was followed by preparation of serial sections
for EM and relocalization of the cells with the aid of gridded coverslips.
In Trp53-deficient MEFs (A-D) and the cell line pS3HCT116 (data not
shown), every pair of centrioles corresponded to a +y-tubulin structure.

The situation, however, was quite different in the CRC
cancer cell lines. Defects in DNA mismatch repair path-
way (MMR—/-) results in the accumulation of point muta-
tions or small lesions throughout the genome, eventually
occurring in tumor suppressor genes or oncogenes. Such
genomic alteration abrogates the need for changes in
chromosome copy number during tumorigenesis [Len-
gauer et al.,, 1998]. Consistent with this mechanism of
mutagenesis, we found that these cells contain normal
numbers of centrosomes, all of uniform size, shape and
protein composition as determined by immunocytochemis-
try (ICC) against multiple centrosome-associated struc-
tural proteins and kinases. Their capacity to nucleate

Aneuploid colorectal cells containing multiple y-tubulin structures usu-
ally contained one or two correctly oriented centriole pairs (E-H). Very
rarely, however, a cell was observed which contained a cluster of cen-
trioles (I-L), but in association with only one of the many vy-tubulin
structures, the others being devoid of centrioles.

a-tubulin containing microtubules was similar to control
fibroblast cells [Ghadimi et al., 2000] and each centro-
some was found to contain two perpendicularly oriented
centrioles.

The loss of TP53 function can induce true centrosome
amplification in otherwise wildtype (Trp53—/— MEFs) and
MMR deficient cells (pS3HCT116). The TP53 deficient
diploid CRC cell line DLDI, which contains only one to
two normal centrosomes, provides evidence that there
may be other factors that can counteract this predisposi-
tion. Our observations in the pS3HCT116 cell line suggest
that although TP53 loss can induce the amplification of
functional centrosomes and multipolar mitoses in



Environmental and Molecular Mutagenesis. DOI 10.1002/em

681

Functional and Nonfunctional Centrosomes in Cancer

[608100 ANT YNYw

‘1 Juerea jduosuen ((VINAD) ¥798769C
v urjord arowonusd suatdes OWOH  90-H60£8S T  6£CLIET68'6  T8FT1T09TS0 SY8STELL'O  SO-APIIFTS  9C090IVETT  SO-H C6591°C  TEVRS999'¥1 -6968C69T-TIUd VdANHD
[erP8ET AN] VNYUW ($DADD)
(payeroosse orpurds) ¢ Sururejuod 86,8561
UTeWOp [10-pafIod sudldes OWOH  97STE€9L68°0  LTTSTISSLE0  TI9S8SHIT0 8CTIOPSSL'0  98L86V8TI00  SI¥9S8¥¢0'T 189671000  v0¥8TSL69'T “C8TLSOT-8T1Yd €OddO
[8L8STOT00 AN VNYw
‘1 juewrea 1duosuen ‘(OMANY) c€I8SEYT9
D oseury eiome sudides OwWoH /80576800 6vIITLOT'0  €TLYOLO6YY O LETISOSL'O  TeP9TPCPS 0  S87608C16°0 166SL6LS0 Tr8Y 91T’ 1 “PSLSEVTO611UD ANV
[L12700 TAN] VNYW ((g3INV) 08€1508
g oseury erome susides OWOH ¢0—47 9S7ZHF  LESTOVEEH'S  $0L96966E°0  69STILOTLO  ¥TTHETO00'0  LITLIES6S'S 9Tr06¥000'0  TOHTELTTLY'L “TP91S08:LTIYD Ny
[006L10 AN
VNIW (IdIVENY)
1 urjoxd Sunoerdyur colovel
v oseuny elome suaides OWOH  $HTH0S61°0  TSPLSTHPET  S98667688°0  $S98SE610'T  667668167°0  LSISESTES0 £65C69Cer' 0 ¥PP88SSLY0 -6veorel 1IYd [dIVIENY
[ecy861 AN VNYW
‘1 JueLrea 1duosuen ((VANVY) LTS8LEYS
V oseury elome sualdes OWOH  60-796/£6']  9€680v8LE'S  THOTITE96'0  S8STGYTIOT  SO-ASI9FF'T  T6999L960°S 1S6L12000°0  98¥S88CE0'S “98C8LEVS0TIUD VNV
[9€1810 ANT VNYw
‘(INASV) (errydosox) pajeroosse
Areydaoororw ‘oyif-(erpurds 18L¥¥8¢€61
[ewsouqe) dse sudrdes owoH 1650870000 TOS6EE0TI'S  SYELYOTET0  LPEITHFO9S'O  SLSFO6610°0  TT060L965T SO-ASCISLT  TLLTSYEE9 Y -0V8¥¥8E6 1 11Ud INdSV
[9€1810 TANI] YNYw
‘(INASV) (errydosox) pajeroosse
Areydaosororur “ayif-(erpurds TTIS8LE6T
[ewiouqe) dse sudrdes owWoH  90-F#008 € 191TT61€'8  TLLBYO66SY'0  60608CCEL'D  86S00£000°0  CTITIS9068°L 90-HLSLPY' P S86VYSLLOL “OLTS8LEOTTIYD INdSV
[S€LS00 TANI
VNYW (dTYLOV) (sea4) e1oq
unoenuad ‘g Sojowoy | urjoxd 86STELL6
pajeeI-unoe |4V suordes owoH £786790SE°0  6SYO6IESL'0  89YTTTELI'O  19990T6LTT — 66868911€°0  TTSTTLEYS0 €2080¥8€0°0  TE98SS659°0 SLSOTELLOTIUD  dTULOV
[9€L500 TANI
VNYUW (VIYLOV) (seak) eydpe
unoenuad ‘y Sojowoy | urajoxd S6ESETHOT
pajear-unoe gV suordes owoH L106v6vC00  L60IS6£8S'0  8809SOT6T'0  S9OTETTEL'0  S688ST8SS0  1STIH9S68°0 LESOLIVIVO EOVI0STT T -PSYSETPOI-01IUd  VIILOV
[9€L500 TANI
VNJW “(VIYLOV) (seak) eydye
unoenuad ‘y Sojowoy | urajoxd 9YS0ETHOT
paje[aI-unoe [JYV sudldes oWoH  $6199900°0  188T10669°0  8T66£6TH0°0 Trs68619°0 ¥E€06LT8000  69€99¥819°0 LY6TYERI80 S66809%0°1  -S090€THOI-01IUd  VIILOV
[9€L500 TANI
VNYW (VIILOV) (seek) eydpe
unoenuad ‘y Sojowoy | urajoxd 0TP6TTHOl
pajeaI-unde 4Yy suordes OWOH H6LL6+800°0  8LTSOT6VS'O  €L100T6T6'0  9€169¥610°T 1LT0T000  CTLLESTOSS O LT0969810°0  SOELY96£S 0 -6LY6CTYOI-01IUd VYLDV
uonduoseq an[eA-4 oney Jeaur| an[ea-4 onel Jeaur| an[eA-4 onelr Jeaur| an[ea -4 onel Jeaur| uonisod depy QuIeu QUAD)
pNAL pNAL N4 Net JANAY JNAV JNAA JANAA

SI[PUIAS J0 SIWOSO.IJUID ‘SAIIWOIIUID YIIM PIJBIDOSSE SAUIT Jo uoIssaIdxad [enuadyIq Il I19VL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

682

Difilippantonio et al.

[22er20 AN] VNIW ((OdNAD) 78TTS6YT
0 urdjord axowonued suatdes OWOH /(-4 68969  8LLTOTO0'9  6STSEYLIO0  €€8ESOLYS'0 90~ #620€°8  TEO69T66TS 80~ FISTE  SEPI¥LI89'6  -€TTTSGYTTIUD  OdNHD
[SSP8T0TAN] VNIW ‘(NINHD) 606£196L
N urojord arowonuad sudtdes OWOH /-7 7SI+ $I9PISISS'9  STESOE6LE0  €8€0LLTIL0  8TEOSEL000'0  ¥96TOCOVY'Yy  SO—H ZIZSTE  S09TSTITY'S  -TLETT96L:I9TIYO  NANHD
[SSH810AN] VNIW ‘(NANAD) 760€096L
N urojoxd axowonued suatdes OWOH  60-4 S#ZZ0°T  YILYITEOL'S  $€009TT9€°0  9T6YSTHSL'0 SO~ SL#LF'S  8066SLTOT9  SO-H #9I8L'T  9S0LOTOTT'S  -T8E86S6L:IOTIYD  NANHAD
[9£8200100 TAN] VNJw
“z yuerrea jduosuen) ‘(NINHD) 68L5990%
N urajord arowonud susides OWOH 90— £042°9  8L60¥STS6'8  LY09LSETTO  €06L00TL0  TOYLYTO00'0  LETES6866'C L0~ 66£79°'C  800T6VESS'S  -9S49990F:Ciud  ININHED
[61€£€0AN] VNYW ‘(TANHD) 08LEOSOLT
7 ursjord drowonudd sudtdes OWOH  S0F9S09T0'0  8TLLTSSI'OT  €18800V0L'0  69VSTLYSS' 0  SO-H LSI99°€  991€868LE L  SO-H ££899°€  1TSTSYTOE'S  -6£8€0SOLI:TIYO  TINHD
[S¥1220 AN] VNJW ‘CIINAD) 69561879
Y urdjoid drewonuad sustdes owoy LSLYPYTO'0  61F0PI09FT  COPISITL'0  691TSOE90'T  SOYSSSLIO0  S8SI9SITHI  1L9¥898T0°0  9Y9SHTLE €T -879678179:6IUd  MINHAD
[1S¥8107AN] VNYW ‘(fdNHD) LSY19€YT
[ ursjoid drowonudd sudldes OWOH  /p88THEYO'0  S6EYSLOSHT  99TOL6659°0  €L0T990TI T L9T0STR00'0  TIL90T99°'CT  IvPbSL600'0  $9SLEYSLET — -9ISIOEPT:EIIUd  [ANHD
[1SH8107AN] VNYW “(fdNHD) 90¥SSEVT
[ urdjoxd drowonusd sudtdes owoy  GEO8KOTN00  8Y99LEEEY'E  88TITTTLO  T8F9T19€CI'T 10SL68T0°0  €1€8€0091°C  16LE69STO0  11786£TTO'T  -SOPSSEPT:EIUd  (INHD
[€€£9007AN] VNYW “(IdNHD) €20+2T001
I urajord arowonudd susides OWOH  6799¢TTHO'0  LP8I6TSSTI  TTTEY0E68'0  THE68THS6'0  LSOL6STO0'0  £9080SH00°S  L6TTISTOO0  THOSTTYPT'S  -10LTTTOOT:XAD  IANHD
[€€29007AN] VNYW “(IdNFD) €68102001
I urdjod arowonuad susrdes OWOH  60STILTCO0  €E€L9LLI6'ST  v0009FT6Y'0  10VITI9PE T SO-H 12681  SEOLITIYY'9  8F90TI6000  TSSTILIE6T  -S8SE6I00T:XIUD  IANHD
[606220 TAN] VNJW ‘(HINAD) 9¥ 11589
H urdjord arowonuad sudtdes owoy  $7z891T1000  €TOIEIFIS9  60STELEOSO  89FI9S6L'0  SO-H [86+0°6  6¥0SL8SYTL  THSLTIO000  8S999TLOT'6  -SOPIHS89:6IUd  HANHD
[€7€9T0 TAN] VNYW
‘(AdNFD) (ursow) ej00t/0S€ T9LSTTIIT
*J urdjord arowonued susides OWOH 907 Z€FI9T  SE6TEEOF0T  9T86ISLYTO  6T88STLYS O 6£192000°0  LTS6LSOLE'S  L0~H SISL8T  #8L9YS6T'ST  -€OLSTTIIT T AANHAD
[€7€9T07AN] VNYw
‘(AdNED) (ursonw) ej00F/05€ €69¥ITIIT
‘] urejoud arowonuad sudldes OWOH  $ZSSHI000°0  TTSSO8L8Y'6  €6SSELOET'0  8EOTHESHI'0  SO-H §80+ [  S8Y8ISE6S'8 90— 60189  9TICTOICET  ~PEOPITITT: MU AINHD
[€181007ANI
VNYW ‘(HINHD) eANCIE CP6Y8ET0T
‘H urajoid rowonudd sudldes OWOH  £0—H [L0€8'F  TIT6IYSSL'S  90SI6L6YH'0  STEISIOS8L'0  LSOSEIT000  8LIVESEI6'S 90— S0tF6'S  ¥L6ST6080°S  -TOOSSEHOT+IUO  HANHD
[218100 ANI
VNIW (1DINFD) 1 LEVLYI89
D urdjord orowonuad sudrdes OWOH  897G8E68T'0  GLSETLISS'0  TI8YSHOTECD  6THSISOLS'0  YOPE668SE'0  S8L8SE9L8'0  TOTHOIFEG'D  SS060L900°T -78€88189:+1Ud  [DANHD
(2181007 ANI
VNIW ‘(1DINHAD) 1 68£69189
D urdjoid arowonudd sudtdes OWOH  TEHSHSTLE'D  69T088SIT' T €29780¥C90  TI8LYSTI6'0  L6TLL6Y89'0  #OLYII6SO'T  L89S8PSOP'0  8€8TI9091°1 -87769189:+1Ud  [DANHD
[018T00 TANI
VNYUW ‘(dNHD) ea¥08 ‘d 86¥1LE
urdjord arowonudd susides OWOH  LHET08100°0  TELTI9EL'0  9EL6LISHS'0  LSOITOHITOT  88PPLOOVE'0  LETICLSS8T'T  6S8689€9¢°0  91€96T091°T SEP0STLE0TIUD  dANHD
[018100 AN]
VNYUW ‘(dNHD) 208 ‘d P6ECTLE
urdjoxd arowonusd susrdes OWOH  6/9891¢10°0 99TLESS'O  S98SE69V0°0  8TEIGIESS T €1T91099T°0  SIETLYOST T  6£8SS96ST°0  8610€009L°0  -€SPEILEI0TIUD  dANHAD
uonduoseq an[eA-4 oney Ieaul| anea-4 orjelr reaur| anfeA-4 onelr Ieaur| anfeA -4 onelr Ieaur| uonisod depy  sweu auan)
PNAL PWAL LAAV LAV JNAY JNAY JNAQ JNAQ

ponuyuo) |1 319vL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

683

Functional and Nonfunctional Centrosomes in Cancer

[218%7107 ANI
VNJw ‘eyde juerea
1duosuen “(0L1ddD) BANOLI

0585196¢C

urojoxd [ewosonudd sudtdes OWOH  TLTEOIS6'0  SLYSLESO'T  YLSTISSSE0  €YPOLOVLL0  8€£888090°0  8TLI0L690'T  ¥STE8SSIO0  86EF69TL9T  -606ST96ET:TIYD  OLIAAD
[218%107 ANI
VN .m:&m JueLIRA
Jduosuen “(0L1d9D) BAMOLT £695196£C
urojoxd [ewosonudd sudrdes OWOH  L17S8ET98°0  €8TLITTT6'0  TOVOVLOES'O  9S9LSOE9T' T  681188TCT0  TIGL990VH T 68LS09T8F'0  €E€€TISO8¢T T -ISLST96ET:IMYD  OLIdAD
[218¥10 ANI
VN .ms&m JueLIRA
iduosuen “(0L1d9D) BANOLT LSOST96£T
urdjoxd [ewosonudd sudldes OWOH  9¢06F0L0Y'0  LTISHEIL'0  6CTL09S9TS'O  €ST86YIIS0  LLOYT8L89'0  L¥OOTOION'T  6061SSLIECO  LEVOS6ITH T -9TISI96€T: 11U OLIdAD
[9S6%10 TANI
VNIW ($91dHD) eAI91 6S688L911
urajord [ewosonusd sudtdes oWOH  ¢/0T6C100°0  8F9L66T6VT  99T69Y€0S'0  T90LPLIOT' T S8E0LIE00'0  SHST66LSOT  v6TTOE6ETO0  TOLILOS6Y T -00688L9TT:TTHD  +91dHD
[9S6+107AN]
VNJUW ‘(F91d9D) eAIH91 GTO88LITT
urdjoxd [ewosonudd sudtdes OWOH  LS6EHE0T0°0  YTOSOLSLY T 9S6S6¥E6'0  LSE8ISTIOT  SO-H £9€08'S  $SELYTO08'T  €€S9POFT00  SPOTOGLLL'T — -TISLSLOTIIIIYD  $9TdHD
[S86%10 TANI
VNYW (7S1ddD) ea¥CsI 098989+
urdjord [ewosonuad sudrdes OWOH  LGTHS8LS0°0  TSE00TTIF'6  TSTO6IYOT'0  9¥S60€S09°0  TIS6EFH000  TEOS6S8F'E  TLOG9YTO0'0  8E6TT6EIL'S  -6169L89PSTIUD  TSTAAD
[S86¥107AN]
VNYJUW (ZS1ddD) eATST L¥SSE89Y
udjoid Jewosonuad suardes OWOH  6ZHCIT000'0  CLPIT991°C  €I9LL9T0°0  €8€89Y€0S°0  LSO6LISS0'0  9FPILSTPY T $ST099100°0  S89L8€98°C  -909S€89H:STIYd  TSIdHD
[S86¥10 ANI
VNYW (ZS1ddD) ea¥CsI 166L189%
urojord [ewosonuad sudtdes OWOH  $ZSHST000°0  YT8YELISOY  9€SOST8ST'0  TLLISST8S0  686THE000°0  T969L6TOL'E  TLLOTOTOO'0 — 809F0ES9E9  -0SOST89P:STIYD  TSTAAD
[600S20 AN]
VNYJUW (SE1dID) eaAISET 8600%L9S
urdjoid Jewosonuad sualdes OWOH  60TTEISY'0  €09690TLT T €E0SOPPLI'0  €ETSIIEEL’0  TLT6S6£80°0  6TSEPESOF' T 80LOYSLOO'O  8106L866'1 -6£00L9S YD SETdAD
[810L00 TANI
VNYJUW (01 1d9D) ea@I011 66CS101CI
urdjord [ewosonuad sudtdes owWoH  8T096LT0T'0  €09¥S066E T €8TI99T6L'0  TEEEOETLOT — 69€696S00°0  LyPITOLLTT — $LTLEYTOO'0  90TLYHSTI'T — -ObTSIOIZI:6NUD  OTTdAD
[810L00 ANI
VNYJUW (01 1d9D) 2011 LSTOP60T1
urdjoxd [ewosonuad sudldes OWOH  98G0€8SET'0 CI0TEESST T 96T866L80°0  9TEIFSHLS O  TOOTLYIPL'O  T98LVIS60'T  TELSI80E0'0  9ELVISEO6'T  -9LESE60TI:6MD  OTTdHD
[280S20 AN] VNYUW ‘(LANHED) TLETTH99
L urdjoxd drowonusd sudtdes oWOH  ¢61T166SC°0  S9L89T89C T 68LTOTLYSO  6L6S6T8I6'0  90TTILO000  SLYSTSFER'0  v80€H0T000  +ELISTELY'O  -1€PITH99:91Hyd  LANHD
[280ST0 AN] VNIW “(LINAD) #8002+99
L urajord drowonudd sudtdes OWOH  $TS9E6LI00  TT6TO0YTIS T 9P6STSITE 0 SS9OTE6YI T  STL8SYPOE'0  L8TILESLI'T  ¥0S6TISSL'O0  YT6VLITTOT  -E€¥10TH99:911Ud  LANHD
[2€1810 AN] VNYUW ‘(OANHD) 85619561
O umjord arowonued sudrdes OWOH  LILE8THST'0  €0TSTTSTL T 6ESTLSPLY'0  SEV9E698°0  THSTLYLED'0  TLIG6ETIST — €HOLLSETO0  +199T6688°C -66879S67:91Ud  OINHD
[£922101007ANI
VNIUW ‘(ddNAD) 611SSHT6
d urdjoxd arowonued suotdes OWOH  ¢0-7 [998°€  THTSI69LL'S  €6S88TISS'0  EHECESHSY'O  67T868S00°0  LPSPE9LOY'T  T80S9E0000  ¥689LL8S'T -090SS¥T6:614>  dANAD
uondrosa an[eA-J oney JIeaur| AN[BA-4 onelr Ieaur| AN[eA-4 onelr reaur| an[eA -4 onelr Ieaur| uonisod dejy  oweu auen)
PWAL PNAL NetNY NetNY JNAY JNAY JAAA JANAA

ponunuoy °1l 319VL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

684

Difilippantonio et al.

[T6t+20 ANI

VNYW ‘(0LdFD) eA@I0L €0020L6ET
urdjoxd [ewosonuad sudrdes owoy  90€086C10°0  LTO66SE9'0  9I¥8SLO0T'0  STHITEIFY'0  TICE6V88Y'0  6EVLOS6YS'0  STETITHRI'0  THSSEPFTET  -T90TOLEET D 0LddD
[LP1STO ANI
VNYW (89d9D) BAM89 6CTE11TS9
urajoxd [ewosonuad sudldes OWOH 679697680 YIYTI6LO6T T  9STEIISTO  6STLTLY08'0  LSOPEL8IF'0  €L0060SST'T  TOSYTS600'0  THSIST8TH'T  -0LTITTS9:TID 89ddD
[081STOTAN] VNI ‘[
jueLrea jduosuen ‘(¢9ddD) eaMe9 OVLISLSET
urdjoxd [ewosonuad sudrdes OWOH  $LOTLPSE0'0  8LILE9ITL'O  LILS99EHY0  €869V0LFI'T — 9S610S87°0  €ELISTIOO0  $T9T980€C°0  SLPILSSL'O  -L89TSLSET:EIYd €9ddD
[08T1ST0 TAN] VN ‘T
juerrea jduosuen ‘(€9ddD) BAME9 16L80LSET
urdjoxd [ewosonuad sudtdes OWOH  96190L01S°0  TO9V8LLIG0  €LSSOSLS9'0  STHIGY06'0  881TSLOTO0  9€SS96L89°0  LIGYSLOSTO  SY6FSTOIL'0  -TELSOLSET:EIUd €9ddD
[6£9%107ANI
VNYW ‘(LSdHD) eAILS 00S+0TS6
urdjoxd [ewosonuad sudrdes OWOH  €9509SH6L'0  SOS6SLEY6'0  LSOSYEESY'O  TOELOSITHI'T  TILLESTO00  TELTLEITS'T  TSEILIIST'O  S86VIVOLE'T  ~TH¥b0TS6 T 14yd LSdAD
[11L6£004] "spo @10[dwod
(880ST¥SHOVIAI LS9LYDOIN
QUO VN(PD) VNYW BANLS 1¥2S6156
urdjoxd [ewosonuad sudrdes oWOH  89FT1S9L06'0  LOYI86996'0  IFLOEYSEL'O  THTI6LLT6'0  T1910STO00  6860S8E8F'€  81TS0TTO00  ¥HTrL6VSL'E  -T8IS6IS6 T 1AYd LSdAD
[1€18107ANI
VNIW (S6ddD) eaMss £088LTS6
urdjoxd [ewosonuad sudrdes oWOH  60-F FEO0F  €E8EYTI6SY6  LLTSGTIOSTO  €08T00809°0  €66¥£1000°0  LLS8SSLIT'6 90— [+ZOI'S  T86V9THTST  ~¥hL8LTS6:0TIUD SSddD
[0187107ANI
VNYW ‘(0SeddD) eaI0sE €L8EI8ILT
ursjo1d [ewosonuad susides OWOH PITOP99E'0  TOL6ETE6L0  9TSOTSOSI'0  THTI9ISHT'T  8PETOVITI'0  99T8TIOSL'0  TOPSSITE0'0  TTTTEPTO9'0  -HIBECISILI:TIYD  0SEdHD
[+11520 ANI
VNIW ‘(062d9D) eAI06T S6¥L00L8
urdjoxd [ewosonuad suardes owoH LTITL6ST'O  #8EEOLSEE'] IST6L6S00  THOLO9SHO'O  8LSLOTSOE'0  69SISPOVI'T  TLOG6YSFIOO  €LEILLSLL'T  -$SSLOOLS-TIUO  06TddAD
[¥11520 ANI
VNYJW ‘(062d9D) AI06T LT006698
ursjo1d [ewosonuad susides OWOH 6£S6€S07°0  YLOLETIONT  T0S6IOVIT'0  9L6SLSISS'0  T680€98TT'0  TTOOOSOYT T  6106€F9¥0°0  9€L66TEI'T  -98006698:C1MUd  06TdHD
[#11520 ANI
VNYIW ‘(062d9D) AI06T £0£57698
urdjoxd [ewosonuad sudtdes OWOH  76T9S9TTO0  6EPFIH09S T T969LTLLO'O  TEELILT690  SLTISSSO00  LTTOSS6ILT  6STHF8I00°0  TSTOSOTSF'T  -T9ESHEISTIIUD  067dHD
[L60810 TANI
VNYW ‘(LzddD) eAILT 1STEP901
urjoid [ewosonuad sualdes OWOH  90~7 99577°€  PLIEISIITT  99TETSITO0  STEO6TOSL'0  90~H 6E1L°E  6S6LLOYIS'S  90-H 9+9ZI°9  L6SESE088 Y -9¥80¥90F:S11Ud LTdAD
[98TL007TAN] VN ‘[ jueLies
yduosuen “(0SzddD) BAM0ST #60€96¢€€
urdjoxd [ewosonuad sudtdes OWOH  L4SH9S000'0  L6SET6SE0'E  86SS80188°0  60TITE9TOT  +6¥6£8S0°0  TSEO06VTH T T88TOOISO'0  THIOLESSE'T  -S66T9SEEOTIUD  0STAHD
[981L00 TAN] VN ‘[ jueLrea
duosuen “(0$zddD) BAN0ST 06581S¢€¢
urajoxd [ewosonuad sudtdes owoy €TE8Y000°0  €6£0Y9LIET  PH09T0SE9'0  S8TLOS6EIT'T  HTO6LOTTO00  TOYI6TTES T 869vPE6£0°0  SSTE98PFI'T  -00E€8ISEE0TIUd  0STdAD
[6908107 TAN] VNJW ‘7 jueLrea
duosuen “(z61ddD) eAMT61 PSLYTICT
urdjoxd [ewosonuad sudrdes OWOH  GH8ISTITO0  LEISHYHS T TH99809%F'0  9SSO0TIES'0  66LT8TTO00  6YSHTSS86'T  $0906£800°0  9v0SHL88E'T  -S6OPTTETSIIUD  T6IdHD
uondrsaq an[eA-4 oney Ieaur| AN[eA-4 onelr Ieaur| an[eA-4 onelr Ieaur| an[eA -4 onelr Jeaur| uonisod dejy  oweu auan
PAL PNAL LAAY SAAV JNAY JNAY JNAQ JNAQ

ponunuoy |1 319vL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

685

Functional and Nonfunctional Centrosomes in Cancer

[8€6800100 ANI
VNYW ‘7 juewrea jduosuen

“(6dV3ID) § urdjoxd pajeroosse £SP8TLYY
U0J[aYs0JA0 sudtdes OWOH  TEYISTLO0'0  TSI9L8SIV'T  €06T8FT96°0  TH6098166°0 LO—H SIFIST  L999S6£9S°E  +SHSTHO00'0  SP6T0TE6S'E  -TISSTLOPITIUD  SAVSID
[8£6800100 AN
VNYW ‘] juenrea duosuer
“(6dV3ID) § urdjord pajeroosse 1¥0TTL9Y
U0JS[aYs03A0 sudtdes OWOH  §O—7 79080°€  9989SS619T  SEL09T8LI'0  9TTEEEIS6'0  90~H 9I0L0°E  THO6LEOSOI'T SO~ ISHTH [  681S68€9TT  -001TTLOVITIUD  SAVSID
[$28900 TANI] VNyw
‘(PdV3ID) + urejoxd pajeroosse 6£6VE1501
-U0JO[RYs01Ad sualdes OWOH  9¢6E€SL90°0  €EPESISOP T L0689T66E°0  L99T6Y0TH T $9SOTLSTI'0  8SFSTRE69' T 9TISOT6ES0  TLOVTHTOT'T  -866ETISOT:TIIUO VD
[STSTSTTIAN] VNYW ‘(Ted VD)
aY1[-g urdjoxd pajeroosse 68611T€E11
u03o[as0Ikd suardes OWOH  [/—H £99+7°€  861T8EYSTT  ¥STI8SEGY'0  STSLLEISL'O SO~ FOOSO'S  S686VTS8TT  90~d £618ST  LEYOLYLEOT  -8OTITETIT:TIUD  TedVSID
[+0Z8T0 TANI] VNYw
“(TdV3ID) T urejoxd pajeroosse PST8Y61S
u03a[Ys01Ad sualdes OWOH  8/¥667000°0  LEYSOTYSO'9  €SOLEC6TE0  ISYILESL'O  SO-H SSESEE  6669€6L¥6°L  $8I8LI0000  TS6IEHPSOI  -S6ES8YOISIEIIND AV
[+0Z8T0 TAN] VN¥w
“(¢dV3ID) T urdjoxd pajeroosse €T6EE61S
U03R[3ys0340 suatdes owop v/u 6ES8YT08°6C  LILEISIES0  SPSITEVE6'0  90~H #££S8L°9  STOOV88Y Ol SO-H [419%'] +¥LSI8STTTT  -b98EEOISETIUD  TdVID
[182100 AN] VNYw
‘(IdV3ID) 1 urajord pajeroosse 19%80€ 1+
u03a[Ys01kd suardes oWOH  TO9LIFIES'O  9TLSOPSET'T  LOTEE6SSTO  9LTEITOIS0  EELSOTOY0  868THITSS'0  L8OYIS98L'0  LLESL8ISOT  -8STSOCIH6IUD 1AV
[S9£+00 TANI
VNYW (ENLHD) (seak
‘Sofowoy [¢DAD) ¢ ‘utsjoxd Y€60€L68
puey-49 ‘utpued susides OWOH  $918€THOY'0  691F06SLI'T  9LLFI00EO'0  €L9188109°0  91T860610°0  SEFITEIOY'T  €99091100°0  STEE0STE0'E -€660€L68:6TUd  ENLAD
[#7£+00 AN
VNYW ‘(ZNLFD) ¢ ‘urejoxd 67999161
puey-Jd ‘umnued suoides oWOH  98¢6TLILL'0  LOS9006¥0'T  9IE#0I000°0  S6T8LOTET'T T1SPET8S0  8ETSLYGIT'T  €9T660800°0  96¥EF610S0  -8089991ST:XIUd  TNLAD
[990+00" TAN]
VNYW ‘(INLED) [ ‘urjoxd puey STSILS
-dd ‘uLnuad sudides owoH e/u 6£S9SHI9T°T e/u B/u e/u v/u B/u e/u “99PTILSI8TIYD  INLHD
[S1S16004d]
'spo 21e[dwod “(60LY619:HOVINI
QU0 YN(D) VNIW BMYL €OST18L
udjoid Jewosonuad sudldes oWOH  HOLIOSEIO0  YOSLOLTSET  6IELISE000  SL6ESESSY'O  TEOSETEEO'0  TSITO690TT  SLISTFINO0  SYLSHTIVS ¥ -P8SSTI8L:6IYD 8LdAD
[668%20 ANI
VNYIW “(9Ld9D) eAI9L S€99¢1
urdjoxd Jewosonuad suatdes OWOH  6OTI9LYST'O  LTSSPLISTT  €TE0E8SLI0  H09T6YSLS0  SO-H 6€€T9°C  SLYTS686L'E T8TYTTO0'0  TICISTOEEY  -EFSHO9TI:8TIUD 9LdAD
071810 JAN]
VNYW “(7LdHD) e@ITL 78€90L
urdjoxd [ewosonuad sudldes OWOH  90-7 L6E1+'E  1H66£1ST0T  90896£€06°0  6£€T961€0°T  L0~H SEIT6'T  8LOTOV6ST'8  96STOT000°0  £9991LTE0'8 -€T€90L:61Yo TLdAD
[16%720 ANI
VNYW ‘(0LdFD) e@I0L 6S88€L6ET
urdjoxd Jewosonuad suardes OWOH  £/7818STO'0  88806LS€9°0  TLVGYSYET 0 9TEEHELI0  SETES8698°0  96£S90€96'0  90TSSYHSTO  TTIES00EH' T -888TLLOET:EIYD 0LdAD
uondrsaq AN[eA-4 oney Ieaur| an[eA-J onelr Ieaur| an[eA-4 onelr Ieaur| an[eA -4 oner Jeaurf uonisod deyy  ouwreu auen)
PNAL PWAL NetNY NetNY JNAY JNAY JANAT JAAQ

ponunuoy -1l 319VL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

686

Difilippantonio et al.

[65€910 ANI
VNYW ‘] juenea jduosuen

‘(IdVSNND) T urajord pajerdosse

96TSSToE

o[purds pue rejodponu suatdes OWOH 904 S0S6ET  LL6SO0SOT'9  SOLPSTIISI'0  TOTIOSLED'D  SO-H 60I+8'S  991ST69YS'9  90-H [IEI+'T  LLEYT6ELOT  -LETSSPOEISTIYD  [dVSNN
[9,8876 INX]
VNIUW ‘(#065790071) (181
urajord Surpuiq-xel) (IQVINY)
(JAQVINSH) (Sojowoy-urajoxd
TAVIN urod3oayd dHoMA)
(I M-1avIn) (1 urdjoxd
YI[-JUIOYIP JSALIE OTIOIIN)
1AVIA urejoxd jurodyoayo
A1quuasse ofpurds SNONIA 03 1¥08¢C1TC
Teprurs sudrdes owoH Q. LIATYd €P8ET]ETO0  6CIPSIBYTO  YLIC698S0'0  6£0896LE6'y  PITILEOTEOD  TIY98TT8I'C LY06ST1C8C0  SOTOV6IYY'0  -T86LTITT-CTIUD 06579001
[8£2070 TANI VNYw
‘z uerrea jduosuen (GNIONI)
BANSST/SET suasnue urdjord LLE9LIT9
a1oWwoNnuad Jouul sudldes OWOH /-4 S§/86'€  196STYIv6ey  61L810SET0 LE9YBSILO 1LS69S000°0  I8¥9S0CE8'C  SO—H LISEET  LEEEVOL69'E  -8IE€9LITOTTHYD  INHONI
[95£800100 AN
VNYW ‘7 juerea jduosuen
‘(cLADD) T wdiosuern passardxo LOESTEETT
IJuRd [eurudg susides owoy B/u 9000TTI91°0  €09S80€€1°0  6¥87£90£T0 YLETEOLOE0  8906£01SS°0 1L69S0Y6C°0  TI9TLTTO8ET  -16S8TLElT-€Iyd [AKC0)))
[162210 AN] VNJW
‘(17dS3) (aeIS1AR10D °G) [ NI 9LEELOIS
sofod o[purds enxo susrdes owop L80€£69T80°0 60LOVISOY  €19CITSLO0 98¢€6S°0 67€98S0T°0  9¢0816TE6'T 8CLOETIVO'0  €O6LESYST'E  -STOELLOTS-CIIYD 1"1dSd
[162210 ANIT VNYw
‘(171dSH) (9LISIARIA0 °S) T Y1 96L0S61S
sajod oppurds enxa susrdes owoy e/u 6C607STSY' T 868€E8TPR'0  LI9SESSITE0 B/u B/U B/u B/u -LELOS61STTIYD 1"1dSd
[06L720 ANT VNIW “(1ddSD)
1 urajoad pajerdosse ojod orpurds SHT0LT89
pue dwosonuad sudides owWoH IT8ILLO00'0  TLTELIEESS'T  80L089600°0  LBISLYIS9 O 187S86800°0  TOELYBI]IL'T 888L¥000°0  9T66TIVIL'T -9810LT89:81Ud 1ddSO
[06L¥20 ANT VNYW “(1ddSD)
1 urdjord pojeroosse ojod o[purds 79890789
pue dwosonuad sudides OWOH 7L0S06900°0  8SSOLO66LL'T  9I100Z100°0  TISOTI8LOS O 7S6€98100°0  66£580889°0 8610LI¥S0'0  TTI¥00SSE’T -£0890C789:814d 1ddSO
[06L720 TAN] VNYIW (1ddSD)
1 urjoxd pajeroosse ojod o[purds €870L189
pue duwosonuad sudldes OWOH  90—7 £95€/°€  $S91997C8 T #IS06£000°0  869657L9°0 6CS8LITY0'0  S6S86LOST'T  SO—H 908L6 60Ty 1758’1 “YTP0LT89:81UD 1ddSO
[TS0ES0 TAN] VNYW ‘[ JueLiea
jduosuen ((gOYLND) urajoxd
SunorIroul 7y g [BWOSONUID 6CVE6LL
‘uIqonuad sustdes owoH LEE6]89ETO0  9S86TPPY'T  TILO9T6ST'O0  9ST66£S6L°0 TLOLOTOTL'O  L90ELTO90'T T9VCTLTLIO0  $ESLOOEEE'T “ePICOLLLTIYD  dOULND
[TS0ES0 TAN] VNYW ‘[ Juerrea
jduosuen ((gOYLND) urjord
Sunorrour 7y g [BWOSOIUID 612C6LL
‘uIqonudd sustdes owoy €89LEBO66S0  SBETOPVLO'T  ¥986981¥817°0  1E€VS8IT98°0 CTTYTTr61'0 S8LEIS8SI'T STIYOLLYT'O  StP06008E’T “€8616LLLTIYD  dOULND
uonduosa(g onfea-g oney Jeaury on[eA-4 onel Jeaul| an[eA-4 onjel Ieaul| anfeA -4 ornel Ieaur| uonisod dejy  oweu ouon)
pNAL pNAL Neu NeN 4 JNAY JNAY JNAQ JNAQ

ponunuoy °1l 319VL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

687

Functional and Nonfunctional Centrosomes in Cancer

[LL8TC0 ANI
VNYW ‘0 juerrea jduosuen
‘(TNIA'S) QLRWOIIUD 7 uoIndu

12686£69

Iojour jo [eATAINS suatdes owoH P1T998TTHF'0  8¢8660¢8L'0  6LSE8LOGI0 767996880 Tr1911€20°0 6067C106'1 6117860€0°0  69¥6£0LET'T “€0L86£69:S1Ud ININS
[L9%L00T00 AN VN ‘[
juerrea jduosuen ‘(114S) (1seak)
pajerdosse A[quiasse d[purds CH06E€0E
‘Sojowoy [y§ susides owoy POISS9601°0  T6E€9ITROL'T  ELVPPSO6LT'0  9S0£9£889°0 CO8T6CLOT'0  ITITIVPLI90 Y6¥08TLT6'0  1TI¥9S696°0  -+868££0L TTIUD 1148
[L9%L00T00 AN VN ‘[
juerrea jduosuen ‘(114S) (1seak)
pajeroosse A[quiasse [purds 1998€£0¢
‘Sojowoy [y§ sudides owoy CSOL6YT8T'0  TL8ESSITIOT  61£96CT90°0 T8C18899°0 TYLTIESTO  9ELTY6S9L'0 TEISTY909'0  6S8STTSYI'T  -99SLECOLTTIUD TIAS
[8262207 AN VNYW “(414949S)
(orrowonuad) gy 10308y 09%1LE69
YoL-3YAH [[ews sudides owoy T80T6STITO  €10S6£96T° T 166S0981€°0  1¥¥8C9LOT'T 6€0STS08CT0  £16£6€9¢T'1 86089SSL8°0  €08618£CO'1 “10PPLE6Y:SIUD  dIAYHS
[8L6T20 AN] VNYW “(d1499S)
(duRWONUA) g Iojoe) 1€0LSE69
YOL-3YAA [rews sustdes owol WYPPE9L0'0  TSITTOLYS'T  S9T9LSIVT O €69186LL0 6L6E]TTSE0  LYTREIO6ET'T 61THE86T00  SS6TS968ST “TL69SE69:SIUd  IAYHS
[z6Tr61T TANI VNYW
‘(9SSVS) (suesaja D) Sojowoy 819192001
9 Aquasse d[purds sudrdes owoy 86696LF10°0  S8S9STIISE  #89¢€89609°0  L¥990£868°0 £66690C00°0  TISL8LOELT 65€89€100°0 €8976670°c  -LLIT9TO0T: 114D 9SSVS
[¥92¥10 ANI
VNIW “(#31d) (errydosorq) 9v8ELI6TI
t oseury oyi[-o[od sudrdes owoH 68S0€6970°0  L8OIEYYS' ST ¥OTOVOSLY'0  19T60VYLL'0  SO—H S9STH'E  LEITO9LIL'8  SO-H 99161  $€9991TE 1T -L8LELIOGTTHIYD P1d
[+9T¥10 AN
VNYIW ‘($371d) (errydosor) SLIYIT6TIT
 aseuny ay1[-ojod suaides owoy e/u 9ELOLLO6T'S 70071909°0  60T0S¥S68°0 B/u B/u e/u B/u “919%916T1-#14d 71d
[€L0100 TANI
VNYIW “(€3Td) (errydosoi) LYLOY6YY
¢ oseury a-ojod sudrdes owoy 1969%%690°0  ¥#80¥L80T9'T  TOHTLITIS61°0 SI8EEEOY0 7899658550 90€09¥10T 1 TY9LOLO0T'0  LELBICSEY'T -L890Y 61 114D €A1d
[229900 ANI
VNYW (Z31d) (errydosor) 0SLSSLLS
T oseury ayi-ojod sudrdes owoy L9S697L880 1€1¥STCO'1 6EV8ITI600  6£19709¢H°0 S66VOSLIT'O  STLTI01CS'T 96L¥¥C0'0  8T8I0EY8Y'E -608S8LLS SIYD od
[0£0S00 AN
VNIW ‘(13Td) (errydosoi) 881609€C
[ oseury oyI[-ojod suordes owoH 077 7S0ZE T  8SITLYEPY L  6E¥LI90€9°0  LT6TITHSS0 LyS€000°0 S19€0680° % T00T8L000°0  8LYSOVL8LY  -6T1609E€T9TIYD I1d
[0€0500 TANI
VNYW ([371d) (errydosor) €1.809¢T
[ aseury ayif-ojod sudrdes owoHy T8LLYLOOOO 98LSLEE’L  8YTS8EISH'0 99€6786°0 LTLSTO00'0  661S£680T'€ 790SCS00°0  61¥CTL]SOT'E  -T1L¥809ET9TIYD IX1d
[1€0900 TAN] VN¥W ‘(LNDd) LL86899Y
(unzpusy) urnuddLRd sudrdes owoy 97$799670°0 SOPLTOVL'T  TOST99Y9T°0  L6E]SSOTLO 1686866C0°0  #STI88SES'T 9L0L8S600°0 LISISIET'C  -8186899%:1TIUD INDd
[1€0900 TAN]T VNIW “(INDJ) 906L099%
(urzpusy) urnuadLRd sudrdes owoHy TLYTSOYE0'0  $96S9€66S1 STLICTTO0  €9€0¥8¥LS O 99€8908EY'0  9LOSTILYI'T L90€09€00°0  T9L9€SS66'T  ~L¥8LO99Y1TIYD INDd
uondrsaq an[eA-4 oney Ieaur| an[eA-4 orjer Ieaur| aneA-4 orel Ieaur| onfeA -4 orjel Ieaur| uonisod dey  owreu ouon)
pWNAL pNAL NeN4 NetN 4 JNAV JNAV JANAA JANAA

ponunuo) 1l 314vVL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

688

Difilippantonio et al.

[98ST161V]

Qouanbas yYNYW “HSYOIT
ANISOYAL-NITNINL
0918¢d DId TLL:MS

01 IB[IWIS € €G/$STTHADVINL

Quop YN(P sustdes owop 168767701
TIPI dVOD DN X 10UgLAY v/u LT99S098°'81  TOLIE0E8TO  LI¥T860TLO v/u e/u v/u v/u -0S6T6V70T:0T1Ud>  98ST16IV
[28L8091V] doudnbes yNYw
“(NVINNH) NIVHD [-VHdTV
NI'TNENL 85S003:93 03 Iefrurs
/£ ¥8ELITTHDVINI 2U0d YNQO
sudtdes owoH 9NH dVDD ION LSE808LY
1X'603p6MI TSLSOOLV  89VITSOEI'0  LTISSE6SH' T 19E0¥E€908°0  8ES68THYE'0  YETPLOSEY'0  ¥L996S8T' T YSLYYOLETO  98FSE6SST T -86T80SLY:TIIUD  TSLSOIIV
[LL§8701V] doudnbas wNyw
“(NVINNH) NIVHD [-VHdTV
NI'TNENL 85S003:93 03 Iefrurs
/£ S09SYIT:HOVIAI 2uo[d YNJO
mcoﬁmﬁw OwoH FEZ\mﬁmou\wvaom wh:uhONmﬁ
IXTIYIOMO LLG8TOIV  YOLEYOPES0  8E9LS6VS8'0  LYEIFSO0I'0  6LOIFOTYO' T  €1S8TIOLSO  TLYSOLSIT'T  vLLYPSSISI'0  9€9LIS6L90  -LETPLOTEL:TUD  LLSSTOIV
[86,08LVV] @ouanbas yNyw
“(NVINNH) NIVHD 1-V.Lad
NI'TNENL Teur $1¢000:93
01 reqiuiis € L1€0L0T:ADVIAL
Quo[d VNP sudtdes owoH 10666L0£0
Jown) SWIA JO[SSAD [S'LOPPISE  $$69S€9€0°0  90STL6009 T  6TLIL6TOL0  THTOSHFYO8'0  LSSEPL6E00 8YEI6S T LYPLLEITO00  TLLOSISLO'T — -09666L0£0:91Ud  86L08LVYV
(#7710 TAN] VNI “(d9L)
(eua3 dgy) uroyord xopdwos 6£0¥87 11
Suwr urinqm) ewiwes sudrdes oWOH  €6/79€00°0  €80T60188' T 6SSTTOLPI'O  #¥98SE08L°0  9FEETTO00'0  ¥SOTLIEYYY  6069€T000°0  £S88700S6'S  -086£8F1H:STIYd doL
[STHEP€TOHL] (9%TS) Tenaed 7626007C1
b unud) (194NSsO) 14NSsO v/u 619SYLYLS' 0  $9816STEE0  6FFP86969°0  8¥991890T°0  €L9S6E6Y' T LP8699EY0°0  99LLSPEYI'T  -1SE600FCTHIUd STHEFECOHL
[+9STOT TANI] VNYw
‘z uerrea jduosuen ‘(J4DAS) 1
EMBO.& JUAW[R [enuad xoﬁmaoo 6816SCSET
[ewauoydeuds susrdes owoy T99L9Y01°0  99¥€85661°0 v/u ¥T8977980" 1 v/u PE661L98TT  6£61L0890°0  TOLLEEY8I'T  -TOVOSTSET:0TIUD T9DAS
[629020 AN]
VNYW (62D9dS) (Se1siad1od
'S) Sojowoy ¢z yuduodwod £97€6S691
Apoq ofod s[purds susides OWOH /(-7 69S91°€  9¢L8L8SS'TT  8LESOTLTTO  T0SSTE09S0  €S8TOC000°0  €69E8EEVE'6 90— $8/4TL  6Y80E9YL 9T  -TTSESS69T:TIYD §z04ds
[€16T8T ANI
VNYW ‘($2D9dS) (Se1siad1od
'S) Sojowoy 4 juduodwod Y66LITTT
Apoq orod opurds suordes owoH  HOYLOTO00'0  GIETGYESE'S  STYITLIS6'0  8L9S69T86'0  T9F8LS000  LOVTEVIE6'T  TEIEPSO000  $98060986'C  -€SOSTTTI:6IIUD ¥204dds
uondrsaq an[eA-4 oney Ieaur] an[eA-4 onelr Ieaur| an[eA-4 onelr Ieaur| an[eA -4 oner Ieaurf uonisod dejy QuIRU dUAN)
PNAL PNAL LAAV NN JNAY JANAY JNAA JNAA

ponunuoy "1l 319VL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

689

Functional and Nonfunctional Centrosomes in Cancer

[€61€00 ANI

VNYW (FD4L) 9 suorxdeyod YHT8E6TET
oyroads-urnqny sudrdes OWOH  89L1HL£00°0  LILIL6VLI'T  €ETLE68IY'0  STGYEOSI'T  691TET000°0  SOI9ILET6'T  STHTO8800°0  TSILSIOL'T  -S8ISEEIET [UD g04.L
[£66S00 TAN] VNYJUW ‘T Jueriea
duosuen “(@DgL) p duosedeyo 658E618L
oyrads-urngn) sudrdes oWOH  6F6ZETT00'0  T99SISYEET  FI60THSIS0  T6SESHTLY'0  PSO96TSLL'O  €88TEIPPO' T THOLLIGOF'O — 990SEL6T'T  -008E6H8LILTIUD andlL
[£66S007TAN] VNYJW ‘T jueriea
duosuen {(@O4.L) p duosadeyd 11S88Y8L
oyroads-urnqny sudrdes OWOH  €8SHY0L00°0  YTSSTSSYL'T  LVLLS99S 0 6VL6SLISO  6EOPPIELI'O  T€0SS6EITT  S6E6LYSLI0  LTIGYTO66ET — -TSH88YSLILIIUD andlL
[€66S00 TAN]T VNYJUW ‘| jueriea
duosuen {(@O4.L) p duosedeyd PSE/LYSL
oymads-urngn) sudrdes OWOH  76ESHES6Y'0  €€6CT99TT T €190TPLTO0  6£686C8ST'T  LOTO9E6TO0  TLSLOGETL'T — 6S¥609FTTO  T89L8€88Y' T -TO9LLYSLILTIYD andl
[261€007 AN]
VNYW (QD9.L) 9 suorxdeyo 0£80T8TH
oyroads-urnqny sudrdes OWOH  7GEOE68L8°0  €8LLLITHO'T  9PLSPLIEO0  S6I0600L9'T  LSPITHEI0'0  6VSTIILYT  $98T8YF86'0  ¥SLETIE00'T -6880T8TH:91Yd 204l
[261€00 ANI
VNYW (QD4.L) 2 suoradeyd 199078C
oyroads-urnqn) sudrdes owoH  6980TLLTS'0  T8SOLIILI'T  8LEV6YF80'0  LOLES096S T  THE6SLITI0  90ET0S68S'T  9LITTHSS6'0  SO6SL8S66°0 -0TLOTSTH 914D 204l
[L09+00 TAN]
VNYW (VvD4L)  duosadeyd SS6TTOLL
oyads-urngny suardes OWOH  68¢0SS698°0  S68E6STLE0  6£98SE88T°0  SYOESHIVL'0  T6SETLEEE'0  SOTLECLOTT  LISOSLSTO0  TOVLEESTY'T “P10ETOLL:SIYD vodlL
[2r0Sy 1 AN]
VNIW “(€0L9TDON) Tr088961
y-urnqny eydpe sudrdes oWOH  650096700°0  9TSHIEISE0  TLTHOSTES' 0 69T6T9¥SO'T  TT6EOISGH'0  66£S00SSTT  16T0T169S0  9¥L966681°T  -T0188961:CTUD  €OLITDION
[280900 TANI
VNYW ([-VHdTV-3) 006L08LY
urnqmy eyde susrdes OWOH  94109008S°0  SOTLILYLI'T — STOV6SSTE'0  STIOLOTSE'T  €STTTHFO9'0  THTLYOSST'T  €1L6SP09S0  THISHPLSS'0  -6S6LOSLYTIMUO [-VHATV-M
[98£080 AN
VNYW (VHd'TV-¢H) eudre-zH TTTYLOTET
adKjost urgni-eyde suordes owoH  [16€TIH01°0  TOLYLOYEL'OD  6¥6TSSOSTO  696191TLS0  6£6609€8°0  9FES08€96'0  €€€€0FH09°0  6609L0SOT'T  -TOTYLOTETTIYO VHAIV-TH
[98£080 TAN]
VNYW (VHATV-¢H) eydre-cH €€0TLOTET
adKjost urngny-eyde suordes OWOH  €659SES6H° 0 HTOSFYYSS'0  LEVIEEYSS'O  SHTESEETI'T  S99TE9TL'0  8LSH6S880'T  LLOSITS8S'0  S666I1£696°0  -PLOTLOTET:TIUO VHAIV-TH
[TL6¥10D4d] "VNYW
‘PTOELYHOVIAL QUOID ‘T “elaq ¥1206988
‘urngny o) xe[rug ‘sudtdes oWOH  119100C61°0  THISLELILT  LSSYSTILI'O  €SL9T9€8€°0  +162€8806°0  IHOVEI0LO'T  €£C0988€60°0  0S8IS68LT  -SST06988:91MU>  [L6¥1009
[SH189T M V] 2ousnbas vNJuw
“(NVINNH) NIVHD §-v.1dd
NI'TNGNL ISP $€L00X:93
0} JB[IWIS ;¢ 8T/TEITHOVINL
Quop YN(P susides 611675880
OwoH $IN"dVOD ION IX'109098X  S91.86£80°0  +09Y6SEEE T  9LPLS6S0T0  THOLI9EOS'0  89POIFISI'0  6199L6THE' T TSSTSYLIOO  6S60901L9°T  -80S6TSS80:9TIUD  SHISITMV
uondroseq anfeA-4 oney Ieaul| anfeA-4 orjelr Ieaur| an[eA-4 onelr Ieaur| anfea -4 orjelr Ieaur| uonisod depy QU dUAD)
PNAL SAAL NetNY NelNY JNAY JNAY JAAT JAAT

ponunuo) 1l 3194vL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

690

Difilippantonio et al.

[¥79S10 TAN] VNYw
‘z JuerreA yduosuen) ‘(¢ TTLL)
€ Ioquiow ‘ATrwrej y1-osedI|

7881586

aurso1f) urngny suardes OWOH  GSOFTLO000  STSSOLEY'T  TLSYSITLO0  $6TOE9LTL'O  TE9660T0T'0  666666¥LL'0  TL8€TSILI0  LESTOTIS90'T -GT81586: €YD ¢TILL
[6,¥60004]
"spd 210[dwod (861 1+8¢ HOVINI
QUO YN(P) VNYW
‘¢ Joquud “Aruuey YI[-oseSI| SE6E786
sursoiky urnqn) sudtdes owoH  86697L800°0  8SHSLES8Y'0  6V6SS6YOE0  T8LEGITSS0  80ST080000  LPOYS6T6TO  SEHSTSI000  LST69THYE0 -9L8€H86: €D ¢TILL
[6+61€07AN] VNYUW “(ZTTLL)
T Jequuowr ‘A[ruuej oyI[-oseSI| 0€LSTLLIT
QursoIA) urngn) sudrdes owoy e/u L8T0T9879'1 e/u e/u /U e/u e/u e/u -1L9STLLIT:91Yd TTILL
[0rTSTO AN] VNYW ‘(T TILL)
71 Toquiowr ‘AJrurey oYI[-oses1| 0OvEL881Y
sursoI£y urnqn) sudtdes owoH  9970SH000'0  8TE6S8SSYT  I1TH86998€°0  POLLLIGIS0  FSHETHOO0  €S6£L98S8°T 9¢9vT100'0  S6LLTYSET'T  -66E£L88THTTIUD ZITILL
[2STr61 AN] VNIW ‘(T T'TTLL)
[T Joquiour ‘Arurey oyI[-oses1| 09€1¢€8121
aurso1f) urngny suardes owoy  £€Z8TEOTI'0  SSSOTTLYY'0  66686L6TL0  TOTYLYE06'0  ¥€99¥98¥0°0  62C1660€9°0  LSELIPTST'O  S9ESOF869°0  -6I+I€8ITI6IUD ITTILL
[¥STEST AN] VNYW ‘(0T TTLL)
01 Joquiow ‘AJrurey SYI[-ases1| 1L£09T1
aurso1f) urngny susides owoy e/u SYTITLYLG'T e/u $L69069C€" 1 e/u e/u e/u e/u =Z1€09T 114y OI'TILL
[2LS800100 AN] VNYW
¢z ueLreA yduosuen) ‘(1 TTLL)
| Joquisw ‘Ajrurey oyI[-ases1| 0EETLLIY
sursoiky urnqn) sudtdes oWOH  GG08ETS66'0  6VESSITO0T  YOVPSLEYFO'0  LOS6STSSO'0  LPITTIT800  L9E8LS809'T  6€8LIOV00'0  STEOVTSSY'T  -68ETLLIYITTIYD I'TILL
[TILESTANI
VNYW ‘(TLL) 9ses1| €ELTO0ETT
QuisolA) urngn) suardes OWOH  GGE68L100°0  TITTSOSYS T 6STOLEVFO0  1999S9PS0  1T0STSS00'0  6SELLO9S6'T  €0I8SE000°0  106S¥980F'S  ~¥L9TOOET1:TIyd TLL
[T1LESTANI
VNYJW ‘(LLL) 3ses1| S969L6TT1 1
aurso1f) urngny suordes OWOH  90L6886£T°0  9€06SEEYEE  TIT6THOTO'0  9E0TSLLIEO  SO-H S9k6'+  8€€98€96T'S  SO-H 168  S8SOTOVHT  -9069L6TTT:TIYD TLL
[TILEST ANI
VNYW ‘(TLL) dses1| 660896211
Quisol) urngn) susrdes owoy ¥8T0T0T°0  HIOITHIIS'T  L8YILIE00'0  SOSIPLISHO  vH6YLLTO00  $98S6€010°C  ST1T0YT000°0  8S8I186£999  -0v0896TI 1:TYd TLL
[00S€LT AN] VNYW “(z4.LL) 06595801
T oseury urnqny nej susides OWOH  9GTEHRTTY0  S6EL6VYSSO  LO69SSSE6'0  6TPLTTEL6'0  €6LOLEVFO'0  TOSSSSILTT  9699TSLY0'0  €9668Y6EET  -6v99S80H:STIYd I4LL
[00S€LT AN] VNYW “(z4.LL) 8855T80%
T oseury urnqny nej susrdes owWoOH  6LTSREIE0  96SESE60IL'0  SOIFLSHTO'0  PH8TLSYO9 T  v9¥9666F€0  LYTISSEHT'T  LTHOOTSITO  €TEEITSLLO  -Lb9ST8OP:STAYd I4LL
[009L0€TOHL]
(%9%) renxed ‘(uswsesy) YELSLOOY
urnqn-eeg (9AL60) 9ALL60  810STI86L°0  T0ILISOT60  8I¥F9€96'0  6191€L166°0  #HOTT690F'0  S8ISO9EE8°0  TIBLOL6TEO  91TSSSOP8'0  -+L9SLO0F:9IUd 009LOSTOHL
[18SL0€TOHLI
(981) Tented ¢{snmosnw
SO} (JudwSely) asnowr LLL69TE00
- ureyd g-eleq ulnqm epSzd  1T8S60€€0°0  $SO0LSSHO'0  LP8EEILOL'0  6FOTHIIL'T  ISOIE6SEI'0  SLLSTOTSEE  SIOPEFTY0  909016TS6'T  -81L691€00:91Ud [8SLOSTOHL
uondrosa an[eA-J oney Ieaul] an[eA-J onelr Jeaur| an[eA-J onelr Ieaur| an[eA -4 onelr Ieaur| uonisod dejy QuIRU dUAN)
PWAL PNAL KelNY NetNY JNAY JNAY JNAT JANAT

ponunuoy °1l 319VL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

691

Functional and Nonfunctional Centrosomes in Cancer

[¥0LT€0 AN] VNYW ‘(9vdN.L) 1192S6LY
9 eydpe ‘urnqm) suardes owWOH  T90EHTITS'0  8T8GYI9FT'T  98SS8LE6S0  €90TISIONT  9L6TLSTSO0  STEHI6TLIT  SLTEYOVST'O  $600TLOSH' T  -TSSTSOLY:TIMUD  9vVdNL
[¥0L2€0 AN] VNYW ‘(9vdN.L) 006676L¥
9 eydye ‘urnqm) suardes OWOH  7T9TYS6L9'0  6T8TSTI680  8SL8PYSTH'O  FIETLOISTT  SS989LSLT'O  vEIHTL8SH T  80£06€0L9°0  TE€PLISET'T  -TOL6VOLY:TINUD  9vdNL
[600900 TAN] VNYW ‘(€VdN.L) 089598L¥
¢ vydpe ‘urngn) suardes OWOH  €1¥S6090S°0  L6V69YSHS'0  TLELLI09Y'0  8THTO6SET'T  8E€TLYTSSS'O  LISLLOO9T'T  9YTSLOETTS0  9T9EET6E6'0  -6ELSISLY:TINUD  ¢VANL
[9€86L0 AN VNw
‘7 yuerre yduosuen ((vdn.L) 8E167981
¢ eydpe ‘urnqmy suordes owoH  868¥HTOI00  LYS6ETYIST  696E1T1C91°0  vTOILTTTY T L668S8LYO'0  T186¥6C9T18'T  TLOTLYITO'0  TITO096IT'T  -L616F9ST:ETID  TVdNL
[000900 AN
VYW ‘(1vdNL) (yrads snsay) 8911¥661C
[ eydye ‘urnqm) sudrdes owoy  $6SSETOT0'0  T6EELE09L'T 6988187910 LILIEISTST €€8078EE°0  99999186T'1  LLLTOSGLE'0  S8TTIS6Y8'0  -LTTIV66ITTIUD  IVANL
[000900 AIN]
VNIUW “(1vdNL) (oyroads snsay) 00L0t661¢
[ eydpe ‘urnqny suardes owWoH T€TLILYS'O  T8EELOTST'T  6VIOTPLET'O  S80ISEOPF' T  #H809VPEL'0  €EILOTISO'T  TIB6LITOI'0  #€96£90SL°0  -6SLOV66IT:TUS  IVANL
(000900 TANI
VNYW ‘(IvdNL) (yrads snsay) 7S907661C
[ eydye ‘urnqm) sudrdes owoy  [QLL8TLIO0  €9Y9681S6'T  €59€90€8T°0  LIPSLYOPS T SETIS8OYS0  6STHO669T'T  9€£00TC0T0  €T0SPLLYY0  -TTLOV66IT:TUO  TVENL
[000900 AN]
VNYW (VAL (dyroads snsar) SLSOY661T
[ eydpe ‘urnqny suardes OWOH  €77006800°0  $S9TTHITI'T  SLOTEEHIT'O  L8OOCIST6'T  SSOITESO8'0  CISEOIVOI'T  9LVOTHPL80'0  €66SLITLSO  -HE90¥661TTD VAL
[989%C0 AN] VNYW ‘(L TTLL)
L Toquudur ‘A[ruuey aI-oses1| 08189078
aurso1k) urngny suardes OWOH  £0-7 9#870°€  8¥8968LT0°0  TI¥80LLTL'O0  TILLEGSEL'O  €99STHYI6'0  8FLIOTIFO6'0  T8SSITIT90  169S900TE€'T  -9€8T80%S: [4Yd LTILL
[989%C0 AN] VNYW ‘(L TTLL)
L Toquiaur ‘Arurey dyI[-osesI| S18090%8
aursor) urngny susides OWOH  ¢0~7 £89S€°€  TTOO8Y080'0  S6090ETIT'0  6SGLOSSTE0  9€¥89988T0  66V6ES6ISO  TIGLYIYSE0  €0ETLISYI' T -8S0890%8: TAUD LTILL
[€29€LT AN] VNYUW “(9TTLL)
9 Ioquuaur ‘A[ruey AI-osesI| 6SELITHY
aurso1f) urngny suaides OWOH  $6£8LTESY0  S98T00119°0 v/u LTY86LTT1 v/u TYS98LIYL 0 v/u €SI0VI809°0  -SIVLITHI-LIIUD 9T1LL
[€29¢L17AN] VNIW ‘(9 TLLL)
9 Joquuowr “A[ruey I[-asesI| 8LIS6IHY
aursork) urngny suardes OWOH  €9¥9S/667°0  T960TTIYE 0 TLITSYSET0  L9€08006'T I¥SI6TLLO  €190€TLT80  TLO6EGOST'O  SPOOTSEF'0  -LETS6IHH:LIIYD 9TLLL
[2L0STOTAN] VNYW “(STTLL)
G Toquour ‘Arurey dyI[-osesI| 16866€SL
aurso1f) urngny suatdes OWOH  90-7 §/+96'6  90SLLOOSET  SYIVEO6EI'0  896888LS'T  SOPIOTION'0  16£TOTHT8 T 19L0SS96S°0  ¥6EOLESST'T  -T6L6GESL Y IIUD STILL
[0¥9110 TANT VNYW ‘(#T1LL)
 Joquuowr “AJruuey oyI[-oses1| 968€HY61¢C
aursork) urngny susrdes OWOH  7TTSTFI00'0  9LLELYYEO'E  THIS90600°0  TOSHOVOOF'T  SO-H I6#S#T  SOVPYSILS'E  TEOSTHO000  L60TLYOSST — -LESEPPOTITTIUD ¥TILLL
[#79S 10 AN] VNYw
‘7 ueLreA jduosueny ‘(¢ TTLL)
€ Toquuour ‘Arurey oyI[-osesI| 9877586
aursork) urngny susrdes OWOH  6969€900°0  6T9LSYHIST  LOLEEOSE9'0  SOSLOTTOT'T  8T90TT60E0  T8TPLSSOS'0  IHPEP06T'0  6ETTLITELO -LTHTS86: €D ¢TILL
uondrosaq an[eA-4 oney Ieaur] an[eA-4 onelr Ieaur| an[eA-4 onelr Ieaur| an[eA -4 oner Ieaur| uonisod dey  oweu ouon
PAAL PNAL LAAY SAAV JNAY JNAY JNAA JNAA

ponunuoy “1l 319VL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

692

Difilippantonio et al.

[STSTE0 AN VNYW “(9g4dN.L) 95091¢€21
9 ©10q ‘urngny suordes OWOH  8YSETIG0T'0  LP6TH8989°0  €TLISYT8T'0  L9OTOE9SL'0  9STOPH99T'0  SOSTITL8L'O  +T6GEEHELD 88CLOVO' T  -L66STETIQIUd  9ddNL
[£80900 AN] VNYW ‘($9dN.L) 6889119
¥ ©19q ‘urngny suordes OWOH  868S60T00°0  9PF6089T°0  €196€0890°0  LILO9THER'0  TESOEHTEO'0  TILSESPLE'D  9SLOL6ELO0  SSTLSEE98°0  -8P69PPO6TIUD  $AdNL
[£80900 AN] VNYW ‘($adN.L) S9SHY9
¥ ©10q ‘urngny suordes OWOH  £6£98€S60°0  TTOY0999'0  £6£S96TF0  ¥8SE9S6LS0  8€9S6HOSO'0  TS6SEOVET SOI6FIE00  LOTOLOES'T  -FOLSHPO:61IUD  vdANL
(980900 AN] VNYW ‘(¢9dN.L) L6667S88
¢ v1oq ‘urnqmy sudrdes OWOH  $8/8/0¥08°0  SL6LILISOT  8TEE6L9SO'0  LEITILS6E0  SE8E6ETFI0  6£979L00T'T  HIEEIFS00'0  TIS0EHHE0'E  -8€66TS88:I9TID  ¢ddNL
[980900 AN] VNYW ‘(¢ddN.L) S6¥67S88
¢ vloq ‘urnqmy sudrdes OWOH  86LEYSTITI0  T8TIVEIET T TS966T9ET0  6S96001SL'0  €0LTISSTS0  STOSSSISO'T  +TTSO6T00  $TSLTI00V' T  -9€v6TS8S:I9TID  ¢ddNL
(880900 TAN]
VNYW ‘(OzddnL) 966 17LET
Dt e1eq ‘urngn) sudrdes owoy  6IOVIYYIO0  LPSPOE80'T  TSSSTOT06'0  IHTOCOPE0 T  8PE6I9LTTO  #HOLOSLO6TT — SPO60LES8E0  €OLSOSYSTT  -8€6ETHLET:6MUO  DTddNlL
(880900 AN
VNYW ‘(QzddnL) TYSEIVLEL
D¢ ©19q ‘urngny suordes OWOH  /8THTEY00'0  LOLSEPI6TT  66£TS0989°0  6S6ITEI060  LSOTSIIEO'0  S9T0S6T8S'T  THTH9IS8TO'0  SS8ESTISL'T  -€8PEIVLE:6D  DTddNL
[Z108L17ANI
VNYW ‘(gzddnL) 0SL691¢€
4¢ €Rq ‘unqny sudtdes OWOH  £0-F £€906'1  S0T899610°0  89¥TT8Y96'0  TEILIITHO' T TTLFSI0V0'0  TOISTE98TO  +H988€€9T°0  61S6EHSLTO -608691¢:91yd>  gzddN.L
(6901007 AN]
VNYW ‘(Vzddnl) 66£660€
VT ©1eq ‘urnqn) sudrdes OWOH  €9779¥900°0  ¥8TLSISTHO0  IH6T6¥891°0  TEOITHLGS'O  8S9TS8660°0  TT10¥969S0  188878S98°0  SESLG6VESE0 -8S¥660€:91Ud  VzddNL
[690100 TANI
VNYW ‘(vzddnl) 7€0660€
VT B1Rq ‘urnqny suatdes OWOH  $62S0€000°0  98€TISISTTO  TTILOI90T°0  TELOSHPEF'0  81F080T00°0  €6LST6ETTO  698EHTSTI0  8ELO6ESTSO -€60660¢:91Ud>  yzddNL
[€LL0€OTAN] VNIW “(199N.L) 869t€0LS
[ ©12q ‘urngn) susides owoy e/u S0€8L80ST T e/u FE611€T9°0 e/u e/u e/u e/u -6£9¥E0LS0TIYO  1ddNL
[€£L0€07AN] VNYW ‘(19dNL) SEIEE0LS
T ©12q ‘urngn) susides owoy e/u Y9LYLLOIS O B/u v/u v/u v/u v/u LETO0LEST T -9LOCLOLS:0TIUD  1ddNL
[#108L1 AN] VNYW “(gdN.L) 0950080¢
vloq ‘urnqm) sudrdes OWOH  STLLPEYPLO'0  66T8LTLILT  8FVOISLY6'0  L6TIEOTS6'0  9F9L6LTI'0  H8OELSYSST  80T9E0LOT'O  TTHETIP8ST  -T0S0080£:91Yd adqn.L
[108LT7AN] VNIW (ddN.L) £666L0E
vloq ‘urnqm) sudtdes OWOH  8/9T8Y9LE'0  GLOLETHETT  €LTLSOS6Y'0  HOSTETHER'O  €LOTESESHO  YTOLILYYTT  LSSETS6LO'0  668601T6F'T  -#8866L0E:9IY0 adqn.L
[#108L1 AN] VNYw (g9N.L) 90666L0€
©vjoq ‘urnqm) sudtdes owoy 691779700 9¥966THCS T 8FYOVLLLISO  687681998°0  808YOI¥8I'0  61LSSTTLE'T 89%99S00°0  S888LTH8S'T -L¥866L0E:91Yd adqn.L
[€08+20 AN]
VNYW (¢TvdNL) 60TSTHS
¢ oyr-eydye ‘urnqmy sudrdes OWOH  $ERPOILY6'0  SPLSTITE0'T  991H0F0S0'0  806ES6VSSY  $LOES8966'0  LO6SI6LY66'0  SPSISSSSTO  6£7T06V0T0  -89TSTYS:01Md  ¢IVANL
[v68107 TAN] VNYW ‘(8VdN.L) £EV88691
g eydpe ‘urngn) suardes oWOH  £98089€6£°0  8S6EETLIT'T  $86T969S8°0  866£T9676'0  YSI60I08°0  LSPSTSES6'0  6SLLY0686'0  STHFSOIFO0'T  -LE88691:CTIU  SVEANL
[¥0L2€0"AN] VNYW ‘(9vdN.L) 9GEESOLY
9 eydre ‘urnqny suardes OWOH  £G08TLO000'0  €6LISTELL'T  TLLETSIS60  SEOPOLLLE'0  LTE6FIO0'0  €LL8TEEOV'T  6LV6SHFO00  9ESE0S6IST  -L6TESOLY:TIMUD  9VENL
[¥0L2€0 AN] VNYW ‘(9vdN.L) YTIES6LY
9 eydje ‘urinqm sudrdes OWOH  $L9¥SH6T0  SOISISEITT  L690S69CH0  I18E€TTOSYT T HITETOL8T'0  YOTLLLYIE T — S9T8TI6S9'0  $88981960°T  -S90ES6LY:TID  9vdANL
uonduosaq anfea-4 oney Ieaur] an[eA-4 onelr reaur| anfeA-4 oner reaur| aneA -4 onelr Ieaur| uonisod dejy  oweu duan)
PNAL PAAL Lary Lasy JAAY JNAY JNAQ JNAQ

ponunuo) 1l 314VL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

693

Functional and Nonfunctional Centrosomes in Cancer

"BSOONUI UO[0D [EULION SA SIOWN], DD,
'saul] [[9D DD Projdiq sa projdnouy,

“BSOONU UO[OI [BUWLION SN Saul[ [[90 YD projdnduy,
“BSOOTUI UOJOD [RULION] SN SauT[ [[20 DD profdi(y,

(859800100 ANI] VNJW
‘7 Juerea yduosuen ((9dDOGNL)
9 urdjord pajeroosse xo[duwod

0L16S68Y

vwwesS ‘urngn) suardes OWOH  £GT609661°0  v6TTOFOTT T T€CT88€00°0  €00S9T9S9°0 6EST9YT0'0  ¥OI6LSLIL'O  99VELTITIE0  $S8TSOV60'T  -6TTOES6SY:TTIUO 9dDDINL
[€06250 AN]
VNYW (6dDH9NL)
¢ urajoud pajerdosse xopdwod €6€1770T
vwweS ‘urngn) suardes OWOH  7900€8YPT'0  €9€E€V0LLOT  LLOTTSLSSO  9vPT0SE80'T  #H9€9STI00  THIGYEELET  TO6ISIONO0  LOGEHFOGTT  -98€0THOTSTIUD SADOENL
[22€900 ANI
VNYW (¢dDHINL)
¢ urajoad pajerodosse xopdwod YEF90TTI T
ewwes ‘urngny suordes OWOH  9$7STISKO'0  T1€999¢H8' T LOSTLEGSS'O  TOLLLROS6'O  90-H 9909L T  SESTOFHOIT  ¥E6YTITO00  6SFYEYIIE Y  -SS690TTIT:ETID €dDOENL
[22€900 AN]
VNYW (¢dDOHINL)
¢ urdjoxd pajeroosse xo[dwod THES/ITIT
ewwes ‘urngny suoides OWOH 7696910000  9E8YTYSLY'T  LETSOLE6L'O  LOSOIYIED  6F991S600°0  T6T189T8F6' T  SIS6SHEF0'0  S6LSO0ST'T  -TOPSSITIT:ETID €dDOLNL
[22€900 AN]
VNYW (¢dDOH9NL)
¢ uryoxd pajeroosse xodwod 680881211
ewwes ‘urngny suoides oWOH  90L£9€700°0  90T1S9€6E€'T  PEESEESES0D  SELSERLP6'0  16868TETO0  66TSLESLLT — FEELEPTTO0  €TE€80€L8'T  -8PIS8ITIT:ETIUD €dDOLNL
[659900 TAN]
VNIW “(zdDD4INL)
T EOHO‘E— ﬁoam_OOmmm xu—QEOo @ONowovm~
ewwes ‘urngn) suoides OWOH  $879666€L°0  THIETE690'T  €TI96€61S0  LSTO6SOTT'T  €S89ETOTO0  6LSTICESE T 99L9€940T°0  SE6THSSITT  -8TE986FET:0TIUO TdDOLNL
[LEF9TOTAN] VNYW ‘(2OdN.L) 1€01L08€
7 ewiwes ‘urnqn) sudtdes OWOH  9/STI6L6S'0  LSSL8STOT'T  SLIGLTSY6'0  #SOY6SHFR6'0  9¥9189000°0  €TH6STISO'T  LEOVSLYLO'O  TS9S60LLIT — -0006908¢:LTD  7OANL
[0L01007AN] VNYW ‘(1D9dN.L) L098T08¢€
[ ewwes ‘urngny suotdes owoH  GTZIT1989¢°0  T6168Y00€'T  $8L090€06'0  TSLLTIOLO'T  8S8TYTO00'0  99L8TLTSOT  6SE8EE8S0°0  GOFPFITS6'T  -8¥S8TIOSE:LIIO  [DENL
[292910 AN] VNYw ‘(199N.L) 6£920STI1
[ uoyisdo ‘urngn) suardes oWOH  6909SELTI'0  LLLESS68L'0  6STE889T00  FISILELLY'0  $E0TSESO0'0  PLISLITST  €I¥F9T0000  6¥898FT8TS  -869C0STIT:9MD  [HANL
[1929107AN] VNYw ‘(1adn.L) LLYT6TSS
[ e)ep ‘urnqmy sudrdes owoy  gISLLSSTE'0  TOSTLLSL'O  TSYSYTOSE'0  vTSHISLIE'T 99¢87008°0  LL¥9SS6LO'T  1T#88S909'0  L8STEOECIS'0  -9¢STOHTSS:LIMO  1AINL
[L86LLTTIAN] VNYW “(8949N.L) Shees
g v1oq ‘urnqmy sudrdes OwWoH  £8006¥90L°0  TTESSE6SO'T  8LICLOTHE0  I8IFIF0SL'0  SS66TTOLS0  6VL8F6EEOT  86S689¥1°0  TT18I1LSYTET -FOPES:01Y>  8ddNL
[STSTe0 AN VNYW “(9gdN.L) GES9TETT
9 ©19q ‘urngny suordes owoy  7£2802000°0  6SST9TSIT'0  SSTOT600T'0  €096L981°0  8€6£86000°0  +8LLIFEECO'0  LOOTIITST'0  €986688LI°0  -9LPOTETI:8IIYO  9ddNL
uondrosaq an[eA-4 oney JIeaur| AN[BA-4 onelr Ieaur| AN[BA-4 onelr reaul| an[eA -4 onelr Ieaul| uonisod dejy  owreu auan
PNAL PNAL LAAV LAy JNAY JNAY JNAQ JNAT

ponunuoy 1l 319vVL



Environmental and Molecular Mutagenesis. DOI 10.1002/em

694 Difilippantonio et al.

MMR—/- cells, it did not result in an increase in chromo-
some instability (data not shown).

The aneuploid colorectal cancers contain an intact DNA
mismatch repair pathway (MMR+), but generally have
loss of TP53 function. As such, the accumulation of
genomic alterations primarily occurs through their inability
to correctly respond to certain types of DNA lesions. This
includes a failure to arrest the cell cycle and to activate the
repair pathways necessary for proper repair of the damaged
DNA. Such cells are also capable of altering the number
of intact oncogenes and tumor suppressor genes via the
gain and loss of chromosomes or chromosomal regions
[Eshleman et al., 1998]. One potential mechanism for alter-
ing chromosome copy number is interference with the
chromosome segregation machinery. Consistent with this
idea was the presence of multiple y-tubulin structures in
the aneuploid colorectal cells that presumably represented
functional centrosomes. We have now demonstrated that
these extra structures contain a number of microtubule
organizing center (MTOC) proteins considered to be the
hallmark of functional centrosomes (i.e., y-tubulin and
PCNT) [Doxsey et al., 1994; Moritz et al., 1995]. The
colocalization pattern of these proteins, as well as the cell-
cycle dependent colocalization and redistribution of two
kinases known to be involved in centrosome segregation
and migration (i.e., PLK1 and AURKA), were identical in
aneuploid and diploid CRC cell lines and in normal cells.

Further examination, however, revealed that these
supernumerary structures did not behave like centrosomes.
The presence of multipolar mitosis in the Brcal—/— and
Tp53—/- MEFs, p53HCT116 and pancreatic tumor cell
lines, all of which contained multiple y-tubulin structures,
was in sharp contrast to observations in the aneuploid
CRC cell lines. The inability of the structures in the latter
lines to nucleate «-tubulin containing microtubules, as
revealed in our nucleation assays, provides one explana-
tion. This is somewhat surprising given evidence that
v-tubulin is responsible for the nucleation activity of cen-
trosomes [Mogensen et al., 1997].

Our dual immunocytochemistry/EM analysis revealed
the presence of only one to two pairs of centrioles in
most of the aneuploid CRC cells, despite the presence of
multiple y-tubulin structures. Even in SW837 where we
observed multiple centrioles in an exceedingly low per-
centage of cells (Figs. 61-6L), we did not observe more
than two clusters of centrioles per cell. Thus, there
appears to be a clear correlation between nucleation abil-
ity and the presence of centrioles in the tumor cell lines
analyzed here. This is in contrast to observations in early
mouse development and certain Drosophila cell lines,
where centrosomes stripped of their centrioles have been
shown to have nucleation activity [Debec et al., 1995]. It
is also possible that nucleation from these structures
occurs but is severely impaired, hence the inability of it
to be detected in our assay.

Perhaps, modification of +y-tubulin is essential to its
ability for nucleation [Khodjakov and Rieder, 2001]. Our
colocalization studies indicate that two proteins (PLK1
and AURKA) whose modification of ~y-tubulin is critical
for progression through the cell cycle are associated with,
and therefore in a position to modify, y-tubulin in these
nonfunctional structures [Feng et al., 1999]. Our analysis
here of CRC cell lines, as well as of primary colon
tumors (data not shown), confirms the findings of previ-
ous studies demonstrating elevated levels of these proteins
in primary human colorectal cancers [Bischoff et al.,
1998; Takahashi et al., 2000]. Although the protein con-
centrations and localization may be sufficient for the mod-
ification of +y-tubulin in the aneuploid cells, their enzy-
matic activity was not assessed. Analysis of Xenopus
extracts has identified Xmap215 as a protein that is criti-
cal for the nucleation of mitotic spindles [Popov et al.,
2002]. Perhaps, a failure of the human orthologous pro-
tein (CKAPS5), which we observed to be significantly
increased at the transcriptional level, to localize to the su-
pernumerary, centriole-lacking structures is responsible
for their inability to nucleate spindle formation.

Further, molecular interrogation of the differentially
expressed genes identified through our analysis will be
necessary to determine if they are in any way related to
the functional capacity of y-tubulin containing structures
to nucleate mitotic spindles and form multipolar mitoses
capable of causing chromosome missegregation. Overex-
pression of CSPPI1, as occurs in the aneuploid CRC cell
lines, has been shown to result in a cell cycle block at M
and early G1 phases, with mitosis-arrested cells contain-
ing aberrant spindles [Patzke et al., 2005]. CETN2 local-
izes to spindles [Salisbury, 1995] and more recently has
been found associated with the nuclear pore complex
[Resendes et al., 2008] were it regulates mRNA and pro-
tein export into the cytoplasm. It has also been demon-
strated to stimulate the early stages of nucleotide excision
repair [Nishi et al., 2005] through its interaction with
xeroderma pigmentosum group C protein (XPCI)
[Popescu et al., 2003]. One of the y-tubulin complex pro-
teins, TUBGCP6, was expressed at lower levels in the
aneuploid CRC cell lines. Because of its association with
the +v-tubulin complex, a decrease in expression might
explain the failure of the supernumerary structures in the
CRC aneuploid cell lines to nucleate microtubules
[Murphy et al., 2001].

Our results suggest the potential of antibodies against
v-tubulin or PCNT alone to be misleading, particularly
when drawing inferences about the functionality of these
structures. We have identified three distinct categories of
tumor cells based on their centrosome number and func-
tionality. The first contain a normal complement of func-
tional centrosomes. This is exemplified by the near dip-
loid colorectal tumors. The second consists of cells with
supernumerary centrosomes that have nucleating capacity,



thereby resulting in active chromosome missegregation
via multipolar mitoses. These would include the pancre-
atic tumor cell lines, Brcal and Tp53-deficient MEFs,
pS3HCT116 and Brcal-deficient tumors [Xu et al., 1999;
Weaver et al., 2002]. The degree of chromosomal insta-
bility in these cells may, however, depends on other fac-
tors such as the rate of missegregation and the fate of the
daughter cells. The final series of cell lines, which
includes the aneuploid colorectal cancer cell lines, have
an abnormal distribution of centrosome-associated pro-
teins, possibly through fragmentation of the pericentriolar
matrix. Because the supernumerary structures were not
capable of nucleating microtubules, and because multipo-
lar mitoses were never observed, one might speculate that
the consequence is an alteration of the functional capacity
of “legitimate” centrosomes. As such, missegregation
would result from a failure of sister chromatid separation
rather than the active aberrant partitioning of chromo-
somes via attachment to the supernumerary centrosomes.
Perhaps not surprisingly, these cell lines were no more
karyotypically unstable than those cell lines containing a
normal pair of centrosomes (data not shown).

In conclusion, the presence of +y-tubulin, pericentrin,
and the modifying kinases PLK and AURKA are insuffi-
cient for the generation of a functional centrosome with
the capacity to nucleate microtubules. Such supernumer-
ary structures are therefore incapable of inducing the for-
mation of multipolar mitoses; however, we cannot
exclude a possible role in chromosome missegregation
through disruption of the normal bipolar spindle. The
assessment of centrosome function with respect to chro-
mosome segregation must therefore take into considera-
tion the presence of centrioles and the capacity to nucle-
ate microtubules.
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